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CHAPTER 1 
 
1  INTRODUCTION AND OBJECTIVES 
 
Scientific research over the last two decades has demonstrated relationships between dietary 
intake of certain fatty acids (FA) with double bonds in the trans configuration in their alkyl 
chain (trans fatty acids, TFA), and the development of severe metabolic or cardiovascular 
diseases such as arteriosclerosis, hypertension and diabetes mellitus type-2 (Mozaffarian et. al 
2006 & 2009). In response to such findings, several countries including Denmark, Canada and 
the United States have implemented regulations regarding limitation and labelling of TFA 
content of fats, oils, foods and dietary supplements.  
 
Recent studies have shown that intake of TFA with different chemical structures results in 
different metabolic and health effects. Dietary intake of c9,t11-18:2 and its biological 
precursor t11-18:1 (vaccenic acid) has been credited with positive health effects [Field et al., 
2009]. In contrast, consumption of dietary t10,c12-18:2 has been associated with 
hyperinsulinemia and fatty liver in mouse studies [Clément et. al 2002].  
 
However, a critical common limitation of these studies has been the availability of authentic 
reference materials and appropriate analytical methods to quantify the subject TFA and their 
metabolites. Organic synthesis of the possible FA isomers involved can play a key role in the 
correct identification and analysis of these TFA. Misidentification of analytes can lead to an 
incorrect evaluation of the health effects associated with specific FA, and therefore pure and 
well-characterized reference materials are essential. A classic case was reported when an 
overestimation of trans-16:1 isomers due to inadequate separation techniques resulted in an 
association of these isomers with coronary heart disease [Precht et al., 2000a]. It is interesting 
to note that trans-16:1n-7 has also been associated with lower insulin resistance [Mozaffarian 
et al., 2010]. A clear identification of the trans-16:1 isomers is definitely required in order to 
understand its biological significance.   
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Furthermore, due to rapid developments in the field of food technology, the compositions of 
many foods, including infant formulas and adult nutritional products, are becoming 
increasingly complex. Improved analyses are necessary to provide accurate results to label 
these products. More accurate labelling will contribute to the information available to 
consumers for use in choosing healthier diets and reducing the risk of chronic disease.  
The main objectives of this dissertation are: 
1) Development and Description of novel and powerful analytical methodologies for the 
analysis of FA from multiple food sources. 
2) The synthesis of numerous FA reference materials for the identification of FA present in 
common foods.  
This work will provide critical support for future studies in the field of lipid chemistry.  
1.1 TRIGLYCEROLES AND FATTY ACIDS 
 
1.2 TRIGLYCEROLES 
  
Triacylglycerols (TAG) are the most abundant lipid components of plants and animals, and 
they perform critical functions in their metabolism. They consist of glycerol, a tri-functional 
alcohol with one fatty acid esterified to each of the alcoholic groups  
(FIGURE 1).  
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 1 A typical mixed triglyceride structure with three different fatty acids (R, R’ and R’’).       
 
O
O
O
C
C
C
O
O
O
R
R''
R'
H
H
H
H
H
3 
2 
1 
 Introduction and objectives CHAPTER 1                                                                                            
 4 
More than 90% of commercial oils and fats used for human consumption are plant-derived 
and are extracted from various seeds. With few exceptions, in order to reach the organoleptic 
and stability properties needed for commercialization, crude oils are subjected to various 
processing steps including degumming, bleaching and deodorization. The refining of crude 
oils increases the TAG content to about 99% [Kodali, 2005]. 
 
Triacylglycerols are synthesized by the human body and stored in the cytoplasm of adipocytes 
and are then used to produce energy when needed. The oxidation of the fatty acids (FA) 
contained in TAG produces a large amount of energy, making the production and storage of 
energy the key functionalities of TAG in human metabolism. Furthermore, TAG are 
important components of cell membranes and provide the precursors for the synthesis of 
eicosanoids, and other biologically active molecules. As FA constitute the building blocks of 
TAG, the FA composition of TAG plays an important role in defining their biological, 
chemical and physical properties. 
 
If the three FA constituting the TAG are identical, the product is a simple TAG. Otherwise, 
the TAG is defined as a mixed TAG. The esterification of only one alcoholic moiety leads to 
the formation of mono-acylglycerols (MAG), and the esterification of two alcoholic moieties 
leads to the formation of di-acylglycerols (DAG). 
 
1.3 FATTY ACIDS 
 
Fatty acids are defined as carboxylic acids with long straight aliphatic chains. The term “fatty 
acids” includes the entire series of straight chain carboxylic acids beginning with formic acid 
(C1), acetic acid (C2), propionic acid (C3), butyric acid (C4) and continuing to longer chain 
FA such as stearic acid (C18) or arachidic acid (C20). The lower four members of the series 
(C1-C4) are hydrophilic substances and are completely miscible with water. 
 
The FA composing TAG may differ in their chain lengths, the presence of double bonds 
(unsaturations) on the aliphatic chain, additional functional groups such as hydroxyl, ketones 
and branched chains (iso- and anteiso- FA),  and occasionally cyclic structures. The double 
bonds located on the aliphatic chains of the naturally occurring FA are predominantly in the 
cis configuration. With a few exceptions described later, trans double bonds are produced 
during processing or handling of fats and oils. The double bond configuration is a flat rigid 
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structure. In cis double bonds, the two aliphatic chains lie on the same side of the bond, while 
in trans double bonds, the two aliphatic chains are attached across the double bond (FIGURE 
2). 
 
 
 
 
 
 
FIGURE 2 Cis and trans double bond configurations. 
 
Fatty acids with trans double bonds are characterized by a more linear structure than FA in 
which the double bonds occur in the cis configuration, reflecting a greater ability of their 
aliphatic chains and a greater ease of crystal formation. Fatty acids with double bonds in the 
trans configuration are characterized by higher densities and higher melting points compared 
to the same fatty acids with their double bonds in the cis configuration. The lower steric 
hindrance of trans double bonds results in higher thermodynamic stability that leads to the 
preferential conversion of cis double bonds to trans double bonds. The inter-conversion of 
double bonds between the cis and trans configurations requires breaking and rebuilding of the 
double bond, a process that requires an activation energy of about 65 kcal/mole. The 
activation energy barrier needed for the cis/trans isomerization can be reached by providing 
energy in the form of heat, as is the case of the deodorization of oils. When the isomerization 
of double bonds from the cis to trans configuration is desired, the introduction of a catalyst 
reduces the inter-conversion energy barrier. 
HH
H
H
cis configuration trans configuration 
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Almost all FA with multiple unsaturation sites (poly-unsaturated FA, PUFA) synthesized by 
plants and animals have the double bonds separated by one or more methylene groups. These 
FA are defined as methylene-interrupted (MI) FA (FIGURE 3), and the location of double 
bonds is commonly indicated using the “Δ” nomenclature, indicating the position of each of 
them [Christie, 2003]. Alternatively, the n-x nomenclature is used which indicates the 
distance of the last methylene interrupted (MI) double bond from the terminal end of the 
aliphatic chain. Linoleic acid is an MI FA with 18 carbons and two cis double bonds between 
carbons C9-C10 and C12-C13 that can be labelled as c9,c12-18:2 or 18:2n-6. According to 
the “n” nomenclature, naturally occurring polyunsaturated fatty acids (PUFA) are designated 
by the chain length followed by a colon and the number of double bond starting from the 
methyl end of the molecule. In the most common PUFA, the first double bond occurs 
naturally either at the 3rd (i.e., 18:3 n-3 or c9,c12,c15-18:3), 6th or 9th position from the methyl 
end of the molecule (FIGURE 3).  The term “positional isomers” is commonly used to 
indicate FA with the same chain length and number of double bonds, but with the latter are in 
different positions. The term “geometric isomers” indicates FA with the same chain length, 
same number of double bonds in the same position, but with at least one of the double bonds 
is in the opposite geometric configuration. There are additional common FA, known as 
conjugated, in which the double bonds are separated by a single C-C bond. This will be 
dicussed later.  
 
 
                
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 3 Molecular structures of common fatty acids. 
HOOC
cis 9-18:1 
18:1 n-9 
Oleic acid 
COO
H
HOOC
cis 9, cis 12-18:2 
18:2 n-6 
Linoleic acid 
trans 9-18:1 
trans 18:1 n-9 
Eleidic acid 
HOOC
cis 9, trans 11-18:2 
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1.4 ESSENTIAL FATTY ACIDS 
 
Essential FA are those mammals are unable to synthesize. Mammals are only able to 
synthesize saturated and monounsaturated FA from other precursors and are unable to 
synthesize linoleic- (c9,c12-18:2, LA) and γ-linolenic (c9,c12,c15-18:3. γ-LA) acids. 
Burr et al. demonstrated that when immature rats were fed a fat-free diet, they grew poorly, 
lost hair and ultimately died, unless a curative amount of fat was fed [Burr et al. 1929]. Burr 
et al. showed in another study that none of the saturated fatty acids occurring in hydrogenated 
coconut oil were effective in curing the disease [Burr et al. 1930]. The animals recovered 
when pure methyl linolate was administered. The most abundant essential FA in mammals is 
LA, which makes up10-20 % of the total FA of their TAG and phosphoglycerols [Lehninger, 
1978]. As mentioned above LA and γ-LA cannot be synthesized by mammals and must be 
obtained from plant sources, in which they are abundant. LA is a necessary precursor in 
mammals for the biosynthesis of arachidonic acid (c5,c8,c11,c14-20:4), which is available in 
plants. The essential FA are important precursors in the biosynthesis of a group of bioactive 
fatty acid derivatives called prostaglandins [Grish et al. 1972]. These hormonelike compounds 
have profound effects on numerous physiological activities.  
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1.5 TRANS FATTY ACIDS 
 
Trans fatty acids are defined as FA with at least one non-conjugated double bond in the trans 
configuration. Fatty acids with a trans double bond are normally designated using the 
systematic “Δ” nomenclature (i.e., t9-18:1). Some examples of PUFA containing trans double 
bonds are c9,t12-18:2 and t9,c12,c15-18:3 as shown in Figure 3. 
 
The naturally occurring unsaturated FA in vegetable oils contain double bonds in the cis 
configuration. The unsaturated cis FA are relatively asymmetric due to the presence of the 
rigid cis “U” shaped double bonds in the middle of the hydrocarbon chain (FIGURE 4). The 
presence of the cis double bonds reduces the inter-chain interactions of the FA, causing a 
reduction in the melting temperature. Despite their high molecular weights, at room 
temperature, triacylglycerols containing “all cis” PUFA are in the liquid state. 
In comparison, FA with trans double bonds on the aliphatic chain are more symmetric and the 
inter-chain interactions are more consistent. These stronger interactions increase the melting 
temperature of FA with trans double bonds and TAG composed of FA with trans double 
bonds are likely to be in the solid state at room temperature.  
 
 
 
 
           trans conformation                  cis conformation                                                       
 
FIGURE 4 The molecular conformation and chain packing of lipid molecules containing cis and trans 
isomers. 
 
Trans double bonds also occur in conjugated form in certain unsaturated FA. The major 
conjugated FA in ruminant fats is c9,t11-18:2 or conjugated linoleic acid (CLA) [Parodi et al., 
1977; Kramer et al., 1998 ]. The CLA structures in natural products can include positions 
from 6,8 to 12,14, and most of them with all possible geometric configurations of cis/cis, 
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 cis/trans, trans/cis, and trans/trans [Sehat et al., 1999]. Ruminant fats can also contain C18:3 
structures in which any two adjacent double bonds are conjugated, such as c9,t11,c15-18:3 
[Hobson and Stewart, 1997]. 
 
Certain vegetable oils contain a relatively high amount of PUFA which can react with oxygen 
to form hydroperoxides and other oxidation products [Farmer et. al, 1943; Gardner, 1989]. To 
improve their oxidative stability or to obtain specific physical functionalities (i.e., melting 
point near human body temperature), these oils are often subjected to partial or full 
hydrogenation. The process of hydrogenation reduces some of the double bonds and 
isomerizes some of the remaining ones from their cis to trans configurations. The 
hydrogenation of oils and fats improves their oxidative stability, extends their shelf life, and 
increases their solid fat content, thereby producing the margarines and shortenings used for 
baking applications [Singh et al., 2009; Dijkstra, 2006].  
 
1.5.1 INDUSTRIALLY PRODUCED TRANS FATTY ACIDS 
 
The process of partial hydrogenation consists of a three phase reaction in which hydrogen gas 
is introduced into an oil in the liquid form, and a catalyst consisting of a slurry of solid 
particles is added into the oil [Singh et al. 2009]. Partial hydrogenation is carried out in a 
special autoclave by dispersing nickel catalyst into the oil at a temperature of 110 °C or more, 
and providing hydrogen at pressures of 30-70 psi. The most commonly used catalysts are 
nickel based and are added in the quantities of 0.01-0.15% wt/wt [Veldsink et al. 1997].  The 
selection of the specific reaction conditions (e.g., hydrogen pressure, catalyst type, and 
processing temperature) can favor or minimize the formation of TFA. Previously, partial 
hydrogenation represented the major source of industrially produced TFA (IP-TFA) and 
certain fats used for bakery products contained more than 40% TFA (% of total fat). 
 
The deodorization of oils and fats during the refining process is also known to produce up to 
3% TFA [Ackman et al. 1974, Wolff, 1992]. The extended heating of oils and fats during 
deep frying of foods can also produce TFA, causing predominantly the isomerization of 
linoleic acid and linolenic acid present in most frying oils [Sebedio et al. 1996]. Frying of fish 
products can result in the formation of trans containing highly unsaturated PUFA present in 
fish [Fournier et al., 2006a; Mjos 2006a]. 
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1.5.2 TRANS FATTY ACIDS PRESENT IN RUMINANT FATS 
 
Other sources of TFA are dairy products and the meat of ruminant animals. The 
microorganisms present in the rumen subject PUFA to isomerization/biohydrogenation 
[Hobson and Stewart, 1997]. The process, catalyzed by microorganisms, converts linoleic 
acid (c9,c12-18:2) to c9,t11-18:2 and vaccenic acid (t11-18:1). Vaccenic acid is the most 
abundant TFA present in the meat and milk of pasture fed ruminant animals [Precht and 
Molkentin 1996; Kraft et al., 2003; Leheska et al., 2008]. The feeding of concentrates rich in 
digestible starch and PUFA causes a shift in the isomerization/biohydrogenation process in 
the bacteria to produce more t10-18:1 than t11-18:1 that accumulate in ruminant products 
[Grinarri et al., 1998; Cruz-Hernandez et al., 2007]. The supplementation of the animal’s diet 
with partially hydrogenated vegetable oils (PHVO) causes the increase in the content of other 
TFA such as t9- and t10-18:1 compared to vaccenic acid [Wonsil et al., 1994]. 
 
The total trans mono-unsaturated FA content in milk lipids may reach as high as 23% as 
percent of total milk fat depending on the diet used for feeding the dairy cows [Cruz-
Hernandez et al., 2007]. These include several trans positional isomers of 16:1, 18:1, 20:1, 
22:1 and 24:1 FA [Precht and Molkentin, 1996; Wolff, 1998; Kramer, 2008].  
The TFA found in milk of pasture-fed cows consist predominantly of vaccenic acid [Precht, 
Molkentin 1997], whereas increasing amounts of t10-18:1 are evident in the milk fat of cows 
fed forages rich in nonstructural carbohydrates (e.g. starches, sugars, fructans) [Piperova et 
al., 2000], oils rich in PUFA [Griinari et al., 1998; Shingfield et al., 2005] and ionophore 
antibiotics, such as monensin [Eifert et al., 2005; Cruz-Hernandez et al., 2006]. 
 The fats derived from ruminants (e.g., milk or meat) are the main source of CLA in human 
nutrition. c9,t11-18:2 is the most abundant CLA isomer contained in these fats [Sehat et al., 
1999; Parodi, 2003,], followed by t11,c13-18:2 [Kraft et al., 2003 ; Kramer et al., 2004]  when 
ruminant are pasture fed. Other CLA isomers found in the milk fat or meat of ruminants 
include t7,c9-18:2 [Yurawecz et al.,1998], whose content generally increases when ruminants 
are fed forages rich in fiber [Aldai et al., 2008]. The milk fat content in CLA can reach 1.89% 
(of total fat) when the diet of the cows is supplemented with sunflower oil and 4% when the 
diet is supplemented with safflower oil [Bauman, 2000]. Fritsche et al. showed that the total 
CLA content in subcutaneous fat of beef was higher than in the intramuscular fat, and lowest 
in the phospholipid fraction [Fritsche et al., 2001] The content of c9,t11-18:2 relative to the 
total CLA content was above 80% in lambs, 65-78% in grass-fed and concentrate-fed cattle 
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Food TFA (% total fat)
Hamburger 3-5
Pizza 4-6
French fries 1-13
Shortenings 0-30
Beef and dairy fat 2-9
[Dannenberger et al. 2004], and above 60% in beef commercialized in the Canadian market 
[Aldai et al., 2009].  
1.6 NUTRITIONAL ASPECTS OF TRANS FATTY ACIDS 
 
In the last two decades, the health impact of TFA in foods has received significant attention in 
the scientific literature. Many scientific publications have shown a positive correlation 
between coronary heart disease (CHD) and dietary intake in TFA, especially those formed 
during the processing of oils and foods [Gebauer et al., 2011; Willett et al., 1993]. Among 
others, margarines, cookies and FAt food meals are products that were observed to contain 
relatively higher amounts of IP-TFA. Furthermore, IP-TFA have been shown to increase the 
risk in cancer and cardiovascular diseases (CVD), increase plasma concentration in lipids and 
lipoproteins and LDL-cholesterol. Mozaffarian et al. have shown that if dietary PHVOs are 
replaced with alternative fats and oils, the risk of CHD may be reduced by 50% [Gebauer et 
al., 2011; Mozaffarian and Clarke, 2009]. Typical contents in TFA in FAt food meals, beef 
and dairy products are shown in table 1.  
 
 
 
 
 
 
 
 
 
 
 
Table 1 Content of trans Fat (% Total Fat) in selected FAt food meals, foods and fats. 
 Source of data [Tyburczy, 2012; Aro 1998,] 
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There is also evidence that TFA promote inflammation. In a study using overweight women, 
high dietary intake in TFA was associated with increased activity of the tumor necrosis factor 
(TNF) system, and increased content of interleukin-6 and C-reactive proteins [Mozaffarian et 
al., 2006] In another study utilizing patients with hypercholesterolemia, the production of 
interleukin-6 and TNF-α by cultured mononuclear cells increased after one month of diet 
supplementation with soybean-margarine compared with a diet supplemented with soybean 
oil [Han et al. 2002]. In different studies, the higher dietary intake in TFA was associated with 
endothelial dysfunction [De Roos, 2001]. Other possible negative effects of TFA consumption 
are the reduction in the activity of certain enzymes, such as serum paraoxonases and insulin 
resistance [Christiansen et al., 1997; Lichtenstein et al. 1999]. 
 
The functions of FA in metabolism are not limited to energy storage/production. They also 
perform other molecular activities such as modulation of cell functions, e.g., fluidity of 
membranes [Stubbs and Smith, 1984] and activation of cell membrane receptors [Clandinin et 
al., 1991; Feller et al. 2005]. FA may also modulate metabolic and inflammatory responses of 
the endoplasmic reticulum [Hotamisligil, 2005]. On the basis of these observations, TFA may 
affect the function and responses of many types of cells [Mozaffarian et al., 2006]. In humans, 
the consumption of TFA increases the plasma activity of cholesteryl ester transfer protein 
[van Tol et al., 1995], the main enzyme that performs the transfer of cholesterol esters from 
HDL to LDL and to very low-density lipoprotein (VLDL) cholesterol.  
 
Conjugated trans fatty acids 
 
The major source of TFA in oils and fats commercialized in the US market is partial 
hydrogenation of vegetable oils. However, milk fat and meat of ruminants are also dietary 
sources of TFA. Several recent studies have shown that different CLA isomers provide unique 
and different biological responses in mammalian systems including humans [Pariza et al. 
2001]. Some of them have shown negative effects [Belury, 2002]. Vaccenic acid, the most 
abundant TFA in most dairy products, was observed to be the main biologic precursor of CLA 
[Mozaffarian, 2006]. Studies involving humans regarding the beneficial effects of CLA 
consumption have proven inconclusive and apparently dependent upon the specific CLA 
isomers used for the feeding study. While c9,t11-18:2 showed possible positive health effects 
such as decreasing the LDL:HDL cholesterol ratio and total HDL cholesterol content, by 
contrast t10,c12-18:2 showed the opposite effect on the blood lipid profile of 
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 healthy humans [Tricon et al., 2004]. Rajakangas et al. have shown, in a Min mice model, 
that t10,c12-18:2 acts as a cancer promoter in colon carcinogenesis of mice [Rajakangas et al. 
2003].  
 
Non-conjugated trans fatty acids 
 
Non-conjugated geometric/positional isomers of linoleic acid (LA) (c9,c12-18:2), a dienoic 
FA, are often present in processed foods and oils. Mono-trans and di-trans dienoic TFA have 
also been discussed in connection with health risks. The t9,t12-18:2 and other non-conjugated 
18:2 positional/geometric isomers have been reported to inhibit the conversion of LA into 
arachidonic acid (20:4n-6) [Precht, 2003; Beyers, 1991]. Although several non-conjugated 
mono-trans 18:2 FA have been reported in foods, especially in dairy products, to date little is 
known regarding the biological activities of these FA. A limiting factor for the development 
of these studies has been the lack of availability of these FA in pure form. Delmonte et al. 
reported the presence of at least 10 non-conjugated 18:2 FA in milk fat [Delmonte et al., 
2012] and Ratnayake reported the presence of 12 non-conjugated 18:2 TFA in PHVOs. 
 
Trans fat dietary intake 
 
Several studies investigated the consumption of TFA by the US population from 1990 to date. 
In 2003, Doell and co-workers reported that the current dietary intake of IP-TFA in the US 
population was 4.6 g/person/day. The same authors estimated in their 2012 publication that 
the current dietary IP-TFA intake of the US population is 1.3 and 2.6 g/capita/day as mean 
and 90th percentile [Doell et al, 2012]. Fritsche and Steinhart reported in 1997 an estimated 
dietary intake in TFA for German women and men between 1.9 - 2.3 g/person/day [Fritsche 
and Steinhart, 1997]. 
1.7  ANALYTICAL METHODS FOR THE DETERMINATION OF             
TRANS FATTY ACIDS 
 
1.7.1 INTRODUCTION 
 
The evidence regarding the negative health effects of dietary TFA has prompted 
recommendations and regulatory actions in several countries to limit the TFA content. 
[Duhem 2009; Mossoba et al. 2009]. Therefore, there is an increased need for more refined 
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and accurate analytical methods of analysis for TFA. Several analytical and spectroscopic 
methodologies for TFA and FA measurements have been updated to meet the new regulatory 
requirements.  
 
The TFA content of a fat or oil can be measured by gas chromatography (GC), Fourier-
Transform Infrared (FT-IR) or FT-NIR spectroscopy. The analysis of the TFA content of a 
food requires a prior extraction of the lipid fraction from the matrix for both GC and IR 
spectroscopic measurements. However, TFA can be determined directly on neat fats and oils 
using spectroscopic techniques. On the other hand, GC analysis requires the preparation and 
separation of volatile FA derivatives, most commonly methyl esters (FAME), and the 
calculation of the total TFA content by adding the content in all the FA meeting the TFA 
definition.  To quantify TFA using the GC method requires the addition of an internal 
standard to the sample before the extraction of fat. The measurement of the TFA content of a 
fat or oil by FT-IR requires the simple measurement of the CH out-of-plane deformation band 
observed at 966 cm-1 that is uniquely characteristic of isolated double bonds with trans 
configuration [Mossoba et al., 2009]. FT-IR provides only the measurement of the total TFA 
content of fats and oils, and not of individual FA or other FA groups. As an example, it does 
not provide the measurement of total saturated FA (SFA) content which is also required for 
food labelling purposes [Tyburczy et al., 2012].  In contrast, FT-NIR is not affected by this 
limitation and it provides the measurement of the most abundant FA contained in fats, oils or 
lipid extracts [Mossoba et al., 2013 (in press)].     
 
1.7.2 OFFICIAL METHODS 
 
Recent official methods of analysis based on IR spectroscopy [American Oil Chemists’ 
Society (AOCS) Cd 14d-99, AOAC 2000.10], which measure the intensity of the IR 
absorption band at 966 cm–1 by attenuated total reflection FT-IR (ATR-FT-IR), can measure 
the TFA content of fats and oils at the level of 5% (w/w of total fat) or higher [AOCS Official 
Method Cd 14d-99; Milosevic, 2004]. The most recent ATR-FTIR official method adopted in 
2009 allows the accurate measurement of the height of the negative second derivative of the 
IR absorption band at 966 cm–1 (AOCS Official Method Cd 14e-09) at levels as low as 2% of 
total fat. The most frequently used and more versatile official GC method for FA analysis 
[AOAC Official Method 996.06] is applicable to the determination of total, saturated, and 
 Introduction and objectives CHAPTER 1                                                                                            
 15 
unsaturated fat in food. This GC method was developed and validated in 1996 before TFA 
regulations were established [AOAC 996.06].  
In 2005, the AOCS approved Official Method Ce 1h-05 for the determination of cis-, trans-, 
saturated, monounsaturated, and polyunsaturated fatty acids (PUFA) in vegetable or 
nonruminant animal oils and fats by capillary GLC [AOCS Ce 1h-05]. Official Method 
AOCS Ce 1h-05 includes labelled chromatograms of common fats and oils, which can to be 
used for FAME identification. Official Method Ce 1h-05 was designed for the analysis of 
only pure fats and oils, and must be coupled with a FAME preparation procedure such as 
AOCS Official Method Ce 2-66 or ISO 5509. Ce 1h-05 is generally coupled with the 
extraction procedures described in AOAC 996.06 when used for the determination of the TFA 
content of foods. Ce 1h-05 is not suitable for the analysis of samples that contains short-chain 
and conjugated FAME, such as dairy fats, or that contain long-chain PUFA. This method, 
designed for the analysis of hydrogenated and processed vegetable oils which contain mostly 
18:1, 18:2 and 18:3 FA, was developed to optimize the separation of 18:1 and 18:2 FAME 
positional/geometrical isomers. In 2007, Official Method Ce 1h-05 was supplemented with 
the AOCS Recommended Practice Ce 1j-07 for the determination of cis-, trans-, saturated, 
monounsaturated, and PUFA in dairy and ruminant fats by capillary gas liquid 
chromatography (GLC) [AOCS Ce 1j-07]. AOCS Ce 1j-07 also contains reference 
chromatograms for FAME identification, but does not include validation data. AOCS Ce 1j-
07 must also be coupled with a FAME preparation procedure, such as AOCS Official Method 
Ce 2-66 or ISO 5509, and if needed, with a fat extraction procedure. Concern has been 
expressed that the recommended methods used in the methylation (Ce 2-66 or ISO 5509) may 
isomerize conjugated FA during the procedure since acid catalysts are used [Kramer et al., 
1997; Mossoba and Kramer 2009]. The identification of FAME in both methods relies on the 
comparison with the FAME separation of selected oils and fats, and with available reference 
materials. AOCS Ce 1j-07 also includes a table of FAME retention times, but these values are 
not related to the retention time of an internal standard. Unknown samples might contain FA 
which are not contained in the oils and fats selected for the reference chromatography and 
which are not commercially available as reference materials. Other FAME, not considered in 
the reference chromatographic separations, might also elute at the same retention times. The 
accurate identification of the FAME contained in unknown samples requires skilled analysts, 
careful evaluation of all available information, and complimentary techniques, such as 
GC/MS and GCxGC. 
 Introduction and objectives CHAPTER 1                                                                                            
 16 
1.7.3 GAS CHROMATOGRAPHIC DETERMINATIONS 
 
The separation of analytes in GC is based on differences in their partitioning between a gas 
phase, the carrier gas, and the thin layer of liquid phase covering the internal wall of the 
capillary column. In order to be analyzed by GC, low-volatility analytes such as TAG and free 
FA are preferably transformed into volatile FAME derivatives. The analytes, dissolved in a 
highly volatile solvent such as hexane, are injected into the injection port of the gas 
chromatograph where they are vaporized, and a small portion (~1:100) is passed unto the 
separation column in the stream of carrier gas. The analytes are separated based on their 
different partitioning in the liquid stationary phase, and then measured using a flame 
ionization detector (FID). The carrier gas should not interact with the analytes, and the 
retention is based solely on the interaction with the liquid stationary phase. The main 
parameters affecting the retention of analytes are the polarity of the separation column and the 
elution temperature. The double bonds of FAME show a polar character in GC separation. 
The retention of unsaturated FAME relative to their saturated equivalents progressively 
increases with increasing polarity of the stationary phase. The stronger interaction between 
the double bonds of FAME with higher polarity liquid phases results in increased selectivity 
toward the number, geometric configuration and position of double bonds. After selecting the 
most appropriate separation column, the elution temperature becomes the almost important 
parameter governing the separation. The retention times of analytes are quickly reduced by 
increasing the elution temperature. The relative retention of FAME with different numbers of 
double bonds, or bonds with different geometric configurations, is affected by the elution 
temperature. At any given temperature, FAME with more double bonds tend to be more 
retained then their less unsaturated equivalents.   
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GC COLUMN SELECTION  
 
Selecting the right stationary phase and column length are the most important steps in 
selecting a column for GC separations. The stationary phase should be selected based on the 
application to be performed.  The analyses of the FA contained in foods and biological 
samples are commonly achieved by gas chromatography of their FAME derivatives.  
Capillary columns commonly used for FAME analysis are coated with stationary phases with 
polar attributes. Non-polar phases provide the separation of saturated FAME from unsaturated 
FAME, and the order of elution is the reverse of that achieved using polar columns. Columns 
coated with polyethylene glycol (PEG) separate FAME according to their carbon number, and 
secondarily on the number of unsaturations. Columns of higher polarities such as BPX 90 
(poly (biscyanopropylsiloxane) type phase), SP-2560, HP-88 (cyanopropyl moiety content 
about 90%), CP-Sil 88, SLB-IL100 or SLB-IL111 are usually utilized to increase the 
selectivity toward the number, geometric configuration and position of the FAME double 
bonds. Very long (100 m) and highly polar capillary columns that provide the separation of 
cis and trans unsaturated FA isomers and, with some limitations, of their positional isomers, 
are generally recommended 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6 Capillary columns. (source, Minnesota State University, http://web.mnstate.edu) 
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Ionic Liquid Columns 
 
About a decade ago, Armstrong and co-workers showed that at room temperature ionic 
liquids (RTIL) possess the volatility, viscosity, solubility and polarity characteristics suitable 
for use as stationary phases in capillary GC [Anderson and Armstrong, 2003]. As stationary 
phases in GC, they showed the dual nature of retention selectivity of these columns, 
separating polar molecules as a polar stationary phase and non-polar molecules as a non-polar 
stationary phase. The development of dicationic, trigonal tricationic, and cross-linked RTILs 
led to the novel IL capillary columns currently used for the separation of FAME. Capillary 
columns coated with RTILs are increasingly used for GC×GC separations due to their unique 
selectivity and thermal stability. The use of a column coated with an RTIL 
(trihexyl(tetradecyl) phosphonium bis (trifluoromethane)sulfonamide) for GC×GC 
separations was first tested by Seeley et al. using standard mixtures of organic compounds 
with a wide range of functional groups [Seeley et al., 2008]. 
 
1.7.4 CAPILLARY GC OF FATTY ACID DERIVATIVES 
 
PREPARATION OF FAME, AND OTHER DERIVATIVES FOR GC/MS ANALYSIS. 
Methyl esters are the most common derivatives used in the analysis of the FA prepared from 
different lipid classes. They are prepared by reaction with an excess of methanol in the 
presence of an acid or base acting as a catalyst.  FAME are preferred because of their high 
volatility and good GC separations [Ulbert 1999]. The expected products from the O-acyl and 
N-acyl chains are fatty acid methyl esters, while alk-1-enyl ethers yield dimethylacetals 
(DMA) [Cruz-Hernandez et al., 2006; Mossoba and Kramer, 2009]. Because of the high 
volatility of short chain FAME (4:0-8:0), which are present in milk fat and ruminant fats, 
derivatives other than methyl esters have been evaluated (e.g. isopropyl esters) [Wolff et al., 
1995]. 
 
The chemical nature and the composition of a lipid sample can be very complex. The lipid 
may include free fatty acids (FFA), neutral lipids, phospholipids, glycolipids and 
sphingolipids [Kramer and Zhou, 2001]. The catalyst should quantitatively convert the acyl 
moieties contained in all these compounds to FAME, and not react with any functional group 
present on the FA alkyl chains.  
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Methylation using base catalysts such as sodium methoxide is preferred for the determination 
of ruminant-derived fats that contain CLA because of the mild conditions of reaction, causing 
negligible degradation of labile FA [Kramer et al 1997]. However, base catalysts are 
selective, and do not convert all FA into FAME. Free fatty acids (FFA), N-acyl lipids and alk-
1-enyl ethers are not trans-esterified by basic catalysis [Cruz-Hernandez et al. 2006; Mossoba 
and Kramer 2009]. 
 
Acid catalyzed preparation of FAME is applicable to the derivatization of all common lipid 
classes except ethers. The most commonly used acid reagents for the preparation of FAME 
are methanolic solutions of H2SO4, BF3, or HCl [Christie, 2003; Mossoba and Kramer, 2009]. 
The application of acid catalyzed methylation requires stronger conditions of reaction 
compared to basic catalysis, and might result in the isomerization of CLAs [Kramer et al. 
1997]. 
 
In the simplest cases, the GC separation of FAME allows their identification based on their 
elution pattern or relative retention times (RRT). In some instances, e.g. unknown 
components, the use of a mass selective detector is essential. In these cases, it is preferable to 
prepare derivatives other than methyl esters such as pyrrolidides, dimethyloxazoline (DMOX) 
or picolinyl derivatives. These derivatives provide MS characteristic fragmentation spectra 
that allow unambiguous localization of functional groups such as double bonds and methyl 
branches. [Christie, 1989]. 
 
EQUIVALENT CHAIN LENGTH OF FAME 
 
The retention of FA derivatives on polar GC-columns is generally determined by their boiling 
points, and the number and position of double bonds on the aliphatic chain. In isothermal GC 
separations, the logarithm of the retention time of the saturated FAME and the number of 
carbons in their carbon chain show a linear relationship [Mjos 2006b; James 1956]. Retention 
times of FAME are often analyzed using equivalent chain length values (ECL). ECL values 
for the different fatty acids are principally dependent on the stationary phase selection, and are 
therefore used to compare retention data where the other chromatographic parameters 
(temperature program, column length, column flow) might vary. 
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Generally, for FAME with the same chain length, the retention times increase when the 
double bond(s) move from the carbonyl group toward the methyl end of the molecule. This 
observation was confirmed for mono-unsaturated FAME [Gunstone et al. 1967; Christie 
1988] and poly-unsaturated FAME [Christie 1968, Christie 1988], with some deviations when 
double bonds are located close to the carbonyl group, i.e. positions Δ2 to Δ4. The n-2 and 
Δ3/2 positions deviate from the regular pattern by having significantly higher ECL values 
than isomers with double bonds in nearby positions. Investigations regarding the ECL values 
of dienes have mainly been carried out using their methylene-interrupted isomers [Christie, 
1989].  
 
1.7.5 GC-MASS SPECTROMETRY OF FATTY ACIDS 
 
The coupling of gas chromatography with mass spectrometry (MS) using highly polar 
capillary columns has become an important analytical tool for identification and detection of 
FA. In order to be detected by a mass spectrometer, the targeted molecule (M) in the gas 
phase must be ionized. The ionization is carried out either by bombarding the molecule with 
high-energy electrons (EI) (e.g. 70 eV), or by chemical ionization (CI). The CI process can be 
divided in two reaction steps. In the first step, a stable cluster of reagent ions is produced from 
the reagent gas (e.g. acetonitrile, butane or methane) by electron bombardment. In the second 
step, the M eluting from the GC column reacts with the ions contained in the reagent gas 
cluster [Hübschmann, 2008].  
 
If the chain length and number of unsaturations of FAME are the only required information, 
an EI-MS spectra containing an abundant [M+H]+  ion is generally sufficient  to achieve 
identification. Since the EI fragmentation of unsaturated FAME does not provide any 
diagnostic fragment, the location of the double bond is challenging. In addition, it is known 
that double bonds of FAME migrate during electron impact ionization, presumably driven by 
charges localized on the double bonds [Lawrence and Brenna, 2006]. Use of FA derivatives 
such as DMOX (4,4-dimethyloxazoline) or picolinyl esters is an effective approach for 
localization of the double bonds. However, variations in the chromatographic separation of 
these derivatives compared to that of FAME make the translation of those identifications a 
challenging process. Thus, utilizing a technique that determines the position of the double 
bond using FAME is highly preferred.  
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Brenna et al. have developed a GC/MS technique capable of identifying the double bond 
position in FAME by covalent adduct chemical ionization (CACI). This technique relies on 
the self reaction of acetonitrile, used as the CI reagent gas, to form the (1-methyleneimino)-1-
ethylenium (MIE; CH2=C=N+=CH2) ion with m/z 54. The MIE ion reacts with the double 
bonds of FAME to form heterocyclic covalent adducts [M + 54]+ . The [M+54]+  ion is then 
fragmented in MS/MS mode and provides the diagnostic ions that indicate the position of the 
double bonds (Fig. 7).  
   
 
 
 
 
 
 
 
 
FIGURE 7 CACI-MS/MS diagnostic fragmentation of FAME for the localization of the double bonds  
 
 
1.7.6 INFRARED SPECTROSCOPY 
 
Fourier-Transform Infrared (FT-IR) spectroscopy is one of the most rapid techniques for the 
analysis of lipids. An FT-IR spectrometer [Reedy and Mossoba, 1999] consists of a source of 
continuous infrared radiation that emits light from an element that withstands prolonged 
heating and exposure to air, an interferometer, and a detector. The interferometer allows the 
collection of IR spectra in the mid-infrared region (4000–600 cm–1). 
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When a test sample such as an oil containing TFA is placed between the beam splitter and the 
detector, it absorbs selected infrared wavelengths. Changes in the IR radiation intensity 
reaching the detector as a function of time yield an interferogram, the raw infrared spectrum. 
The interferogram is successively converted by the mathematical Fourier transformation into 
the FT-IR spectrum of absorbance vs. wavelength. Trans double bonds in oils and fats can be 
quantified by FT-IR by measuring the absorption at approximately 966 cm-1 [e.g. AOCS 
Official Method Cd 14-95]. However, samples consisting of free fatty acids must first be 
esterified particularly when low levels of trans of TFA are investigated (less than 15%) 
[Firestone and Sheppard, 1993]. The absorption band near 935 cm–1, due to the O-H out-of 
plane deformation in the –C(O)OH moieties, can interfere with the determination of the TFA 
band at 966 cm–1. Table 2 shows the diagnostic IR absorption bands of unsaturated FAME. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2. Diagnostic IR absorption bands for FAME [Mjos and Petersen, 2001]. 
Frequency (cm-1) Group Mode of vibration 
3025 =C-H (trans) Stretching (very weak) 
3010 =C-H (cis) Stretching 
2955 -C-H (CH3) Stretching, asym 
2926 -C-H (CH2) Stretching, asym 
2855 -C-H (CH2) Stretching, sym 
1746 -C=O Stretching 
1654/1658 -C=C- (cis) Stretching (very weak) 
1465 -C-H (CH2, CH3) Bending, scissoring 
1418 =C-H (cis) Bending, rocking 
1377 -C-H (CH3) Bending, sym 
1238 -C-O, -CH2- Stretching, bending 
1163 -C-O, -CH2- Stretching, bending 
1033 -C-O Stretching 
968 -HC=CH- (trans) Bending out of plane 
914 -HC=CH- (cis) Bending out of plane (very weak) 
723 -(CH2)n-, -HC=CH- (cis) Bending, rocking 
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1.8 LIQUID CHROMATOGRAPHY IN FATTY ACID SEPARATION 
 
1.8.1  SILVER ION CHROMATOGRAPHY 
 
Silver ion–HPLC (Ag+-HPLC) has been widely applied to the separation and quantitation of 
FAME. The FAME are separated based on their number, geometric configuration, and 
position of double bonds. This technique does not provide relevant selectivity based on the 
chain length of FAME. Ag+-HPLC is based on the formation of complexes between the d 
orbitals of the silver ions and the π electrons of the FAME double bonds.  
 
 
 
 
 
 
 
 
 
FIGURE 8 Model of interaction between silver ions and FAME double bonds. 
 
 
The strength and the stability of these quasi-complexes are determined by the following rules:  
 
• The stability decreases with increasing chain-length 
• The stability decreases with an increasing number of substituents at the double bond 
in the order R.CH=CH2 > R2C=CH2 > cis R.CH=CH.R > trans R.CH=CH.R > 
R2.C=CH.R > R2C=CR2 
• Conjugated polyenes form less stable complexes than methylene-interrupted 
equivalents with the same number of double bonds. The stability also increases with 
increasing distance between the double bonds. 
 
Earlier Ag+-HPLC methods relied on self-prepared Ag+ columns, prepared by loading silver 
nitrate on strong cation exchange HPLC columns. The current most common application of 
Ag+–HPLC is the fractionation of saturated, trans-monounsaturated FA (MUFA),  
cis-MUFA, and polyunsaturated FAME prior to GC analysis to aid in the identification of 
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complex FAME mixtures. Trans- and cis-MUFA are well separated into two distinctive 
groups by using a single analytical size Ag+–HPLC column and 0.1–0.2% acetonitrile in 
hexane as the elution solvent. The separation of the positional isomers of MUFA and CLAs is 
generally achieved using multiple columns (usually three) in series [Sehat et al., 1999]. For 
TFA quantitation, Christie et al. (1989b) suggest collecting saturated and trans-
monounsaturated FAME together, and then using the content of saturated FAME as the 
reference for GC quantitation of TFA. An alternative approach, based on the same principle, 
is the fractionation of FAME by Ag+-SPE using strong cation exchange cartridges loaded with 
silver ions (Discovery_ Ag-Ion SPE; Sigma-Aldrich, St. Louis, MO). FAME can be separated 
based on the double-bond number/geometric configuration by applying the simple procedure 
developed by the SPE tube manufacturer (Kramer et al., 2008). 
 
1.8.2 REVERSED-PHASE HPLC 
 
Reversed-phase HPLC is an alternate separation technique to Ag+-HPLC chromatography for 
the separation of FAME. It was successfully used in the separation of conjugated FA from 
biological matrices [Banni et al., 2001]. Juaneda and Destaillats [2002 & 2007] described a 
procedure for separating trans monounsaturated FAME as a single peak prior to GC 
quantitation. Tsuzuki and Uchida [2009], focusing on the separation of MUFA, evaluated the 
separation offered by different chromatographic columns, mobile phase compositions, and 
elution temperatures. Delmonte and co-workers [2008], using one or three Vyndac 201TP54 
(250 x 4.6 mm, 5µm particle size; Grace Davison, Deerfield, IL) HPLC columns in series, 
maintained at 15 °C, and 5% hexane in MeCN as the elution solvent at 1 mL/min, separated 
positional isomers of cis-17:1 FAME with double bond positions 6 to 14.  
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1.9 MULTI DIMESIONAL GAS CHROMATOGRAPHY 
 
1.9.1 MULTI DIMENSIONAL GAS CHROMATOGRAPHY 
 
Multidimensional gas chromatography (MDGC) requires two columns, ideally of different 
selectivity, to enable multidimensional separations. MDGC has been widely reported in many 
areas of industrial and environmental analysis [Lewis, 2002]. The direct coupling of two GC 
columns is a multichromatography and is basically a combination of two stationary phases in 
series in order to enhance the selectivity in the separation. For analyzing complex samples, 
MDGC can provide considerable improvements in the separation of individual compounds. 
The focus of MDGC has been in two major areas: (I) increasing peak capacity of the system, 
and (II) increasing the speed of the separation system [Luke et al., 1968].  
 
The general approach to improving resolution is to modify the column physical parameters 
such as increasing column length, decreasing the column internal diameter, or a combination 
of both. However, in many cases, changing these parameters may only offer minor 
improvements in resolving the target compounds. It is well-known that doubling the length of 
a column results in only a √2N (N for theoretical plates) increase in the number of theoretical 
plates on the column. 
     
Two-dimensional GC (2D-GC) has a requirement that target analytes be subjected to two or 
more mutually independent separation steps and that the components remain separated until 
completion of the overall steps. Technically, the effluent from first column/first dimension 
(1D) is isolated, passed to the second column/second dimension (2D) and analyzed. Thus, the 
simplest MDGC setup is to use a valve pressure switching system that is able to pass zones of 
effluent from 1D to 2D.  
 
In 1968, Deans introduced a basic principle of pressure switching which has been used to date 
for “heart-cutting” [Deans, 1968]. FIGURE 9 shows the basic layout of the Deans switching 
system (Agilent Technologies). The sample is injected onto the primary column. The effluent 
from this column goes to the primary detector via the restrictor (deactivated tubing). When the 
solenoid valve is activated, gas pressure from the pressure control module (PCM) switches to 
the other side of the pneumatic coupler, transferring the effluent to the secondary column. 
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FIGURE 9 Agilent Deans Switch  
 
1.9.2 COMPREHENSIVE GC X GC 
 
In the analysis of complex samples such as milk fat and marine oils, the primary goal is to 
increase the peak capacity of the system by one or two orders of magnitude. The peak 
capacity (nc) is the maximum number of components that can be placed, side by side, into the 
available separation space at a given resolution. Ideally, in a comprehensive system, a 2D 
column should be available for each transfer of the effluent from the 1D. Effluent from the 1D 
can be focused at the end of the column or in an interface and rapidly “injected” into the 2D in 
the form of very narrow pulses. This is normally done by a valve (switching valve) or with a 
modulator. The theoretical nc of a coupled system, such as a “Deans switch”, is the sum of the 
nc of each individual column [Bertsch, 1999]. In a comprehensive system, it is the product of 
the nc of the 1D and 2D column. 
 
The most common modulators are the “Thermal-Sweeper-Modulator” (TSM) of Phillips 
[FIGURE 10] and the “cryogenic-modulator” of Marriott [FIGURE 11]. In our studies, we 
have used the “Loop-Modulator” system of Zoex Corporation [FIGURE 12]. The Zoex 
system is a modification of the TSM in which the “Loop-Modulator” consists of a length of 
column looped through the paths of intersecting hot and cold jets. The cooling (trapping) and  
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heating (releasing), modulation cycle, of the analytes happens every few seconds on the loop. 
Two cold spots are used for producing very sharp “injections” onto the 2D column  
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 10 Thermal-Sweeper-Modulator of Phillips. C1, C2 and C3 are column connections;  
A: accumulator consisting of an uncoated capillary column as well P (called a pigtail); S: slotted heater. The 
heater moves over the accumulator and releases the accumulated effluent from the 1D   
 
 
 
 
S in the heating position 
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FIGURE 11 GC X GC diagram including the longitudinal cryogenic modulator of Marriott. INJ: injector; 
DET: detector; D1 and D2: column 1 and column 2; V: exit vents from the cryotrap; EC: electronic controller. 
The cryogenic cold trap focuses the effluent from 1D and moves along the column which is than exposed to the 
heat of the oven and thus it becomes released and “injected” onto the 2D.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 12 Zoex Thermal Modulator  
 
 
 
 
 
 
Computer
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CHAPTER 2 
 
Preparation, chromatographic separation and relative retention times of cis/trans 
heptadecaenoic (17:1) fatty acids. 
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ABBREVIATIONS: 
AOCS  American Oil Chemists’ Society 
CI  chemical ionization 
CLA  conjugated linoleic acid 
CPS  cyanopropylsiloxane 
DHA  docosahexaenoic acid 
DMOX 4,4-dimethyloxazoline 
ECL  equivalent chain length 
EI  electron impact ionization 
EPA  eicosapentaenoic acid 
FA  fatty acid 
FCL  fractional chain length 
FD  furane dimethyl  
FAME  fatty acid methyl ester 
FID  flame ionization detector 
FM  furane mono-methyl 
GC  gas chromatography 
HPLC  high performance liquid chromatography 
MI  methylene interrupted 
MS  mass spectrometry 
MUFA monounsaturated fatty acid 
NMI  non-methylene interrupted 
PEG  polyethylene glycol 
PUFA  polyunsaturated fatty acid 
RT  retention time 
SFA  saturated fatty acid 
TMTD  tetramethyltridecanoate 
TOF  time of flight 
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ABSTRACT 
 
The fatty acids contained in marine oils or products are traditionally analyzed by gas 
chromatography using capillary columns coated with polyethylene glycol phases. Recent 
reports indicate that 100% cyanopropyl siloxane phases should also be used when the 
analyzed samples contain trans fatty acids. We investigated the separation of the fatty acid 
methyl esters prepared from menhaden oil using the more polar SLB-IL111 (200m x 0.25mm) 
ionic liquid capillary column and the chromatographic conditions previously optimized for the 
separation of the complex mixture of fatty acid methyl esters prepared from milk fat. 
Identifications of fatty acids were achieved by applying Ag+-HPLC fractionation and GC-
TOF/MS analysis in CI+ mode with isobutane as the ionization reagent. Calculation of 
equivalent chain lengths confirmed the assignment of double bond positions. This 
methodology allowed the identification of 125 fatty acids in menhaden oil, including 
isoprenoid and furanoid fatty acids, and the novel 7-methyl-6-hexadecenoic and 7-methyl-6-
octadecenoic fatty acids. The chromatographic conditions applied in this study showed the 
potential of separating in a single 90 min analysis, among others, the short chain and trans 
fatty acids contained in dairy products, and the polyunsaturated fatty acids contained in 
marine products. 
 
INTRODUCTION 
 
The oils and fats extracted from marine products, including fish and algae, are known to 
contain over 100 different fatty acids (FA) with a wide range of chain lengths and 
unsaturations [1-3]. Their determination is most commonly achieved by gas chromatography 
(GC) after derivatization to their corresponding FA methyl esters (FAME). For ease of 
identification and to avoid overlap, Ackman [4] proposed the use of polyethylene glycol 
(PEG) phases with medium polarity that minimized the overlap of unsaturated FAME with 
different chain lengths. These GC columns have subsequently been recommended in the 
American Oil Chemists’ Society (AOCS) Official Method Ce 1i-07 [2] for the analysis of 
saturated FA, cis-monounsaturated FA (MUFA), and cis-polyunsaturated FA (PUFA) in 
marine and other oils. The selectivity for FAME of these capillary columns is based primarily 
on the FAME chain length, secondarily on the number of double bonds, and also on the 
double bond positions [4,5,6]. Capillary columns coated with PEG show little selectivity 
based on 
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the geometric configuration of FAME unsaturations and are not suitable for the quantification 
of trans FA [3]. Trans FA in fish and fish products may occur as a result of heating or 
processing [7-9] or when the product is combined with other ingredients that may contain 
trans FA [10]. Dietary supplements of fish oil may also contain trans FA [11,12]. Current 
efforts to enrich ruminant products with docosahexaenoic acid (DHA) will require the 
separation of many natural trans FA [13] and trans FA metabolites formed from DHA and 
other PUFA in the rumen [14,15]. 
 
The selectivity toward the number, geometric configuration and position of double bonds of 
FAME can be increased by selecting capillary columns coated with phases of higher polarity. 
Use of capillary columns coated with 100% cyanopropyl siloxane (CPS) is the current 
preferred approach for the separation of positional and geometric isomers of unsaturated 
FAME, specifically for trans FA [3,16-20]. However, it is evident that isothermal elutions 
[17,19,21], single temperature programs [18,19], combinations of temperature programs [18] 
or use of a combination of results achieved using different GC columns [16,21] are unable to 
resolve all the FA present in marine [3,21] or ruminant lipids [16,18]. 
 
The recent availability of capillary columns coated with ionic liquids of higher polarity than 
100% CPS phases provided new selectivities for the analysis of FAME. Delmonte et al. [22] 
demonstrated that the coating of the SLB-IL111 capillary column is characterized by a 
significantly higher selectivity toward the number, geometric configuration and position of 
the FAME double bonds as shown using synthetic mixtures of FAME positional/geometric 
isomers. The authors used the same capillary column to resolve the FAME prepared from 
milk fat and further increased the separation potential by doubling its length from 100 m to 
200 m, still retaining the 0.25 mm internal diameter. This methodology provided an improved 
resolution of all the trans-18:1 FAME including the separation between t10- and t11-18:1, the 
elution of all trans-18:1 FAME up to t15-18:1 prior to oleic acid, an improved separation of 
the cis-18:1 isomers, including of c6- and c7- from c8-18:1, the separation of a higher number 
of c/t-18:2 FAME isomers, the resolution of the conjugated linoleic acid (CLA) isomers t7,c9- 
and c9,t11-18:2, and the identification of the n-1 MUFA series [23]. The improved resolution 
among the cis-18:1 positional isomers using this ionic liquid column also allowed the 
identification of the Δ6-MUFA series in human hair and nail samples [24].  
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In our previous publication [3] using a 100 m x 25 mm 100% CPS capillary GC column 
operated with two different temperature programs, we were able to resolve most, but not all of 
the FAME prepared from menhaden oil. In that study [3], we could not confirm the identity of 
the FAME for which reference materials were not available.  
 
In the current study, we apply the methodology successfully developed using a 200 m x 25 
mm SLB-IL111 capillary column for the analysis of milk fat [23] to the analysis of a sample 
of marine origin, specifically menhaden oil. We evaluate whether these chromatographic 
conditions allow for the simultaneous separation of short-chain FA, trans FA present in 
partially hydrogenated oils and ruminant fats, CLAs, long-chain PUFA, and 
geometric/positional isomers of PUFA. In addition, we establish the structures of most of the 
FAME by combining information provided by Ag+-HPLC fractionation followed by GC 
analysis, high resolution GC-TOF/MS, and calculation of equivalent chain lengths.  
 
MATERIALS AND METHODS 
The GLC 463 reference mixture and other FAME reference materials used in this study were 
purchased from Nu-Chek Prep, Inc. (Elysian, MN, USA). Methyl phytanate and methyl 
pristanate were purchased from Larodan (Malmo, Sweden). Menhaden oil was purchased 
from Sigma Aldrich (St. Louis, MO). The CLA mixture UC-59M purchased from Nu-Chek 
Prep, Inc. was isomerized using iodine [19,25], and individual CLA isomers were prepared as 
previously described [26,27].  α-linolenic (18:3n-3) and γ-linolenic (18:3n-6) acids were 
purchased from Nu-Chek Prep, Inc. and isomerized using p-toluene sulfinic acid as previously 
described [16,19,28].  The synthetic mixtures containing the positional isomers of  cis and 
trans monounsaturated FAME were prepared by hydrobromination/dehydrobromination of 
reference materials purchased from Nu-Chek Prep, Inc.  [19,28]. 4,4-dimethyloxazoline 
(DMOX) derivatives were prepared as described previously [27] to identify unsaturated 
branched-chain FAME. 
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GC-FID analysis of FAME. Gas chromatographic separations were achieved by applying 
previously described conditions [23] using an Agilent 7890N gas chromatograph (Agilent 
Tech., Wilmington, DE, USA) equipped with a flame ionization detector. The separation 
column was prepared by coupling two SLB-IL111 columns (100 m x 0.25 mm, 0.2 µm 
thickness, Supelco Inc., Bellefonte, PA, USA) with an Agilent Ultimate Union (Agilent Tech., 
Wilmington, DE). The oven was maintained at 170 °C for 50 min, then the temperature was 
raised 6 °C/min to 185 °C and maintained constant for 35 min. Hydrogen was used as carrier 
gas with the following flow program: 1.6 mL/min for 35 min, then increased 0.3 mL/min/min 
to 3.0 mL/min which was then maintained until the end of the separation. During the 
separation the column head pressure increased from 51 to 74 psi. The separation time was 
87.5 min, with 5 min post injection re-equilibration time. The detector was maintained at 250 
°C and the injection port at 300 °C. Detector constant make up gas plus column flow was set 
to 30 mL/min, hydrogen to 30 mL/min, and air to 400 mL/min. Injector split ratio was set to 
1:100, which was changed to 1:50 (gas saver mode) 2 min after injection. The injection 
volume was 1 µL. 
 
Ag+-HPLC fractionation. Fatty acid methyl esters prepared from menhaden oil were 
fractionated as previously described [23] using an Alliance 2695 separation module (Waters, 
Milford, USA) equipped with a Waters 2996 PDA detector, a Waters Fraction Collector II, 
and a semi-preparative Chromspher 5 Lipids column (10 x 250 mm, 5 µm particle size, 
Varian Inc. Walnut Creek, CA). The HPLC system and the fraction collector were operated as 
previously described with no modifications, including the same collection timing [23].  
 
GC-MS identification of FAME. Identities of FAME were confirmed using a Micromass 
GCT TOF mass spectrometer (Manchester, UK) coupled with an Agilent 6890N gas 
chromatograph. The separation was achieved using an SLB-IL111 capillary column (100 m x 
0.25 mm, 0.20 mm film thickness) maintained at 170 °C with H2 as the carrier gas at the 
pressure of 80 kPa. The mass spectrometer was operated in the CI+ or EI mode. When CI+ 
mode was selected, isobutane was used as the ionization gas. The source was maintained at 
150 °C, the electron energy was 70 eV, the emission current was 250 µA, and the CI gas flow 
was set to 10%. When the mass spectrometer was operated in EI mode, the ionization energy 
was also set to 70 eV.  
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RESULTS  
 
The Ag+-HPLC separation of FAME prepared from menhaden oil provided an elution profile 
similar to the profile reported previously for milk fat FAME [23]. The application of the same 
experimental conditions and collection parameters provided 4 fractions containing the FAME 
of saturated FA (SFA, fraction I); trans-MUFA and t,t-CLAs (fraction II); cis-MUFA plus c,t-
/t,c-CLAs and non-conjugated t,t dienoic FA such as t9,t12-18:2 (fraction III);  the non-
conjugated c,t / t,c / c,c dienoic FA and the FA with more than 2 double bonds (fraction IV). 
 
Each of the Figures 1 through 5 shows, from the bottom, the GC separation of the FAME 
prepared from menhaden oil, the 4 Ag+-HPLC fractions in order of collection (SFA, trans-
MUFA, cis-MUFA, PUFA), and reference mixture GLC 463. The inserts show the separation 
of reference mixtures that facilitate identifications of selected FAME or demonstrates their 
absence. With the exception of the FAME reported in Figure 1, which were easily identified 
using reference materials and elution principles, identification of the remaining FAME in 
Figures 2-5 was achieved or verified using a high resolution TOF/MS operated in CI+ mode. 
Isobutane, used as the CI reagent gas, provided mild ionization and the molecular ion [M+H]+ 
as the most abundant ion for all FAME including  PUFA, which indicated the chain length 
and the number of unsaturations of FAME. The presence of the [M-MeOH+H]+ ion was used 
to verify that the investigated compound was a FAME, which was further confirmed by 
comparison with the elution of authentic FAME standards, or previously reported FAME 
separations [2,3]. 
 
Figures 6 to 9 show the partial GC-TOF/MS regions corresponding to Figures 2 to 5. There 
were slight differences in the separation patterns shown in Figures 6-9 compared to those in 
Figures 2-5. These differences are attributed to the use of a 100 m rather than a 200 m SLB-
IL111 column for the GC/MS analysis, and the former was operated at 170 °C with no 
thermal or flow gradient. Each separation segment shows, at the bottom, the total ion current 
(TIC) chromatogram, followed by single ion traces of the molecular ion [M+H]+ of the FAME 
eluting in the selected region.   
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Figure 1 shows the separation of the short- and mid-chain FAME up to 16:0 present in 
menhaden oil. Most of the FAME contained in this section were saturated and were identified 
by comparison with the FAME contained in GLC 463. The branched-chain iso- (i) and 
anteiso- (ai) FAME eluted at the equivalent chain lengths (ECL) X.47 and X.72, respectively, 
consistent with previous observations [3] and their retention times matched the values 
previously observed for milk fat FAME [22,23].  In this segment are eluted two isoprenoid 
FAME, methyl 4,8,12-trimethyl tridecanoate (4,8,12-TMTD) and methyl 2,6,10,14-
tetramethyl pentadecanoate (methyl pristanate). Both isoprenoid FAME eluted in the SFA 
HPLC fraction. These FAME were previously reported in menhaden oil [29], and in this study 
were identified by GC-TOF/MS in CI+ mode based on their molecular ions m/z 271.33 and 
313.40. The identification of methyl pristanate was also confirmed by comparison with the 
elution of its reference material. The only unsaturated FAME observed in this separation 
segment (Figure 1, menhaden oil) were c7- and c9-14:1, which were present in trace amounts 
and identified by comparison with the cis-14:1 synthetic mixture. 
 
Figure 2 shows the separation of FAME from 16:0 to 18:0 acquired by GC-FID, while Figure 
6 shows the same separation segment acquired by GC-TOF/MS. Inserts show the separation 
of cis- and trans- 15:1, 16:1 and 17:1 FAME positional isomers and are included in Figure 2 
to facilitate identifications. All of the most abundant FAME eluting in this area are separated, 
with the exception of the coeluting of c7-16:1 and 17:0. Methyl 7-methyl-6-hexadecenoate (7-
Me-6-16:1 FAME) eluted among the cis-16:1 FAME and showed a molecular ion of m/z 
283.34 corresponding to a FAME with 17 carbons and one unsaturation (Figure 6). The GC-
TOF/MS spectrum of 7-Me-6-16:1 FAME acquired in EI mode is reported in Figure 10 
(upper panel). This spectrum was identical to the one originally reported by Sano [30] with 
m/z 282, 138, 155 and 115 as the diagnostic ions. The elution of this FAME in the trans FA 
Ag+-HPLC fraction (II) would suggest that its double bond is in the trans configuration. 
However further investigation is needed to establish its geometry. The EI spectrum of 7-Me-
6-16:1 as DMOX derivative showed the same fragmentation pattern reported by Christie [31], 
with m/z 126, 113, 55, 208 and 166 (in order of relative abundance) as the predominant 
fragmentation ions, and m/z 321 as the molecular ion. As in the case of the spectrum of its 
FAME equivalent, the interpretation of the fragmentation pattern is rather complex.  
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The isoprenoid FA phytanic acid reported in menhaden oil by Ratnayake et al. [29] was 
identified in Figure 6 based on its molecular ion m/z 327.41. Trans 6-16:1 is the main trans 
fatty acid present in this fish oil sample and was well separated from other FAME, while t6-, 
t10-, and t12/t13-17:1 were found in trace amounts.  The n-, i- and ai- 17:0 and the i-18:0 
were identified based on their elution in the Ag+-HPLC SFA fraction (Figure 2), and by GC-
TOF/MS based on their molecular weight (Figure 6). Trans- and cis-MUFA were identified 
based on the comparison with the separation of synthetic mixtures (inserts), their elution in 
the trans- or cis- MUFA Ag+-HPLC fraction, and their corresponding molecular weights. 
 
Figure 3 shows the separation of FAME from 18:0 to linoleic acid (c9,c12-18:2). Inserts 
showing the separation of cis- and trans- 17:1, 18:1 and 19:1 FAME positional isomers and 
the geometric isomers of 9,12-18:2 are included as references. Figure 7 shows the same 
FAME separation segment investigated by GC-TOF/MS. This partial GC region includes the 
simultaneous elution of several SFA, MUFA and PUFA. The 16:2, 16:3 and 18:2 positional 
isomers eluted in the PUFA HPLC fraction (IV) and were identified by GC-MS based on their 
molecular ions. The X:2 FAME (i.e. 16:2, 18:2, 20:2) provided [M]+ as the most abundant ion 
instead of [M+H]+. The 16:2 FAME, in particular, were identified based on their [M-
MeOH+H]+ ion instead of [M]+ to avoid the interference with the isotopes of the [M-
MeOH+H]+ ions of 18:1 FAME. The identities of all FAME were consistent with the results 
obtained from the GC-online hydrogenation × GC separation of the same menhaden oil 
sample [32]. However, the locations of the double bonds could not be determined in either 
study and were therefore assigned based on comparison with previously published separations 
[2,3]. Several cis-MUFA were found eluting in the cis-MUFA Ag+-HPLC fraction, of which 
c9- and c11-18:1 were the most abundant. The trans-MUFA fraction contained only trace 
amounts of t8-11-18:1 FAME. Methyl 7-methyl-6-octadecenoate (7-Me-6-18:1) to our 
knowledge has not been reported in menhaden oil, and it showed a molecular ion of m/z 310 
corresponding to a FAME with 19 carbons and one unsaturation. This FAME eluted in the 
trans-MUFA Ag+-HPLC fraction (II) as its homologous 7-Me-6-16:1 FAME. Figure 10 
(lower panel) shows the GC-TOF/MS spectrum of 7-Me-6-18:1 FAME acquired in EI mode. 
This FAME was identified by Caballeira et al. [33] in the phospholipids fraction of 
Holothuria mexicana using a synthetic reference material, and in this study was characterized 
by the occurrence of the same diagnostic ions m/z 310, 195, 155, 138 and 115 (Figure 10, 
lower panel).  
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The SFA fraction also contained 18:0, 20:0 and trace amounts of n-, i-, and ai- isomers of 
19:0. 
Figure 4 shows the separation of FAME from c9,c12-18:2 to 20:3n-6. The separations of cis- 
and trans- 20:1 positional isomers, the isomerized CLA reference mixture (UC-59M), 18:3n-3 
and 18:3n-6 are inserted. Figure 8 shows the same FAME separation segment investigated by 
GC-TOF/MS. This segment includes predominantly PUFA which are contained in the PUFA 
Ag+-HPLC fraction IV. Identification of the 16:4, 18:2, 18:3, 20:2, 18:4 and 20:3 positional 
isomers is shown in Figure 8. All the PUFA contained in this interval were separated except 
for the n:4 series: 16:4n-3 showed limited separation from 18:2n-6, 16:4n-1 co-eluted with 
c12-20:1 and was not completely resolved from c11-20:1, and 18:4n-1 was only partially 
resolved between c13-22:1 and 23:0 (Fig. 4). The investigated menhaden oil sample did not 
contain CLA and trans isomers of 18:3n-3 or 18:3n-6. The cis-MUFA fraction contained 
predominantly c11-20:1 and c11-22:1 and several other minor cis positional isomers. These 
MUFA were identified by comparison with the elution of the MUFA isolated from a partially 
hydrogenated fish oil sample by silver ion solid phase extraction (Kramer, unpublished data). 
The trans-MUFA content was limited to traces of t11-/t13-20:1 and the SFA fraction 
contained the 21:0, 22:0 and 23:0 FAME. The slight difference in the relative elution of 22:0 
and c7,c13-20:2 between Figures 4 and 8 was due to differences in the chromatographic 
conditions, i.e., isothermal/constant flow rate  elution versus temperature and flow rate 
program. The trans-MUFA fraction shows the elution of the first member of the furan FA 
family, FD 9,3.  
 
Furan FA are reported in several fish species and are characterized by a furan ring in the 
middle of the alkyl chain [34]. Naturally occurring furan FA are characterized by the presence 
of one (FM series) or two methyl substituents (FD series) on the furan ring. In this 
manuscript, the furan FA are designated as FM a,b or FD a,b, in which the letter a indicates 
the length of the chain towards the carboxyl group, while b indicates the length of the terminal 
chain which is either 3 or 5 carbons. Furan FAME eluted in the trans-MUFA fraction (II) and 
were identified by GC-TOF/MS in EI mode. For common furan FAME, the base peak in the 
MS spectra is caused by α cleavage to the furan ring towards the carboxyl end of the 
molecule [34]. The mass difference between the molecular ion and the base peak indicates the 
length of the carboxyl group side chain [34]. 
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The presence of the ions m/z 123 and m/z 109 (lower intensity) indicates an FD structure, 
while the presence of the ions m/z 109 and m/z 95 (lower intensity) indicates an FM structure.  
 
Figure 5 shows the separation of FAME from 20:3n-6 to 22:6n-3 and Figure 9 shows the 
separation of the FAME present in the same partial GC chromatogram investigated by GC-
TOF/MS. This segment also contained predominantly PUFA with the exception of the 24:0 
and 26:0 FAME contained in the SFA fraction and of c13-/c15-/c17-24:1 which were present 
in the cis-MUFA fraction along with a cis-23:1 FAME. The identifications of the PUFA 
contained in this segment are shown in Figure 8 and are based on the [M+H]+ ion of these 
FAME. Most of these PUFA are also components of the GLC 463 reference mixture (top 
chromatogram). Six furan FAME were identified in the trans-MUFA Ag+-HPLC fraction II. 
Identification of these compounds was achieved by GC-TOF/MS in EI mode applying the 
principles described in the section for Figure 4. Under the experimental conditions selected 
for this study (injecting 1 µl of 20 mg/ml FAME solution with 1:100 split ratio), the reported 
furan FAME were observed in quantities slightly above the limit of detection of the 
instrument, and occasionally co-eluted with other FAME. The elution order of 22:5n-6, 21:5n-
3 and 22:4n-3 was established by GC-TOF/MS and was not affected by changes in the 
temperature program (Figure 9). All the FAME identified in this segment were well separated 
from each other and 22:6n-3, the last FAME considered in this separation, eluted at 81.08 
min.  
 
DISCUSSION 
 
The main aim of the study was to evaluate whether a 200 m x 0.25 mm SLB-IL111 capillary 
column, operated under the previously optimized conditions, could be used to improve the 
separations of the FAME prepared from menhaden oil that are provided by the 100% CPS 
columns. Despite its marginal economic significance, menhaden oil has served as a valuable 
reference material in many studies and in the establishment of the AOCS current official 
method for marine lipids analysis [2] because it contains most of the FA occurring in common 
marine fats and oils. It is also commercially available in pure form. A previous attempt to 
analyze menhaden oil using a 100 m x 0.25 mm CPS capillary column (SP-2560) and a 
temperature program with a plateau at 175 °C provided the resolution of 70 peaks, the 
coelution of 13 peaks, and 9 small peaks that could not be identified [3]. 
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Of the 13 co-eluting FAME, 7 were resolved by conducting an additional separation with the 
same GC column but using a temperature program that had a plateau at 150 °C [3]. Two sets 
of FAME clusters (t6/t7/t8-18:1 and c6/c7/c8-18:1) could not be separated unless the elution 
temperature was further reduced to 120 °C [13,16,18]. However, five FAME could not be 
resolved as individual peaks using either temperature program and they included 18:2n-6, 
16:4n-1, 18:3n-3, t9-19:1 and 23:0 [3]. A similar conclusion was reached after combining the 
results of marine oil analyses using a BPX-70 column (bonded cyanopropyl polysilphenylene 
siloxane polymer phase equivalent to 70% CPS) and an SP-2560 column [21]. 
 
In the present study, as shown in Figures 1 to 5, we were able to identify 125 FAME prepared 
from menhaden oil. The applied methodology, using a 200 m x 0.25 mm SLB-IL111 capillary 
column operated with a temperature and flow rate program, could separate these FAME in 
107 peaks. About 10 coelutions are caused by FAME present in amounts near their limit of 
detection, and only 8 were caused by FAME present in amounts near or above their limit of 
quantification. The 8 co-elutions were: 17:0 with c7-16:1 plus t13-16:1 (Figure. 2); 19:0 with 
c9-18:1 and 18:2n-6 with 16:4n-3 (Figure 3); 16:4n-1 with 21:0 and 20:2n-6 with a 18:4 (RT 
46.88 min, Figure 4); c13-24:1 with FD 11,3; c17-24:1 with 20:5n-4; and 26:0 with FD 11,5 
(Figure 5). Based on the results of the Ag+-HPLC fractionation, only minor amounts of t13-
16:1, c11-17:1, a 18:4 (RT 46.88 min) and 20:5n-4 were observed, which reduces to 5 the 
quantitatively significant co-elutions. More coeluting and unidentified FAME might be 
present in menhaden oil in quantities below the limit of detection of the methodology applied 
in this study. These FAME can be resolved and identified by applying extensive 
complementary fractionation and concentration procedures [35], followed by multiple GC 
analyses. We previously reported the difficulty in separating SFA from major cis-MUFA 
using highly polar ionic liquid columns [22,23], and this was also the case here with the co-
elution of 17:0 with c7-16:1 and 19:0 with c9-18:1. Specific pairs of FAME can be better 
resolved by fine tuning the elution temperature program, but that would likely lead to the co-
elution of other FAME as previously shown [22,23]. Despite a few limitations observed in 
this investigation using a 200 m x 0.25 mm SLB-IL111 capillary column, this separation of 
the menhaden oil FAME was a marked improvement over that obtained using a 100 m x 0.25 
mm SP-2560. More FAME were resolved in a single analysis than occurred with use of an 
SP-2560 operated using two different temperature programs and then combining the results 
from the two analyses [3]. 
 GC Separation of menhaden oil fatty acids  CHAPTER 7                                                                                            
 100 
In addition, the latter method was more time consuming, involved two separate analyses, and 
required combining the results of two chromatograms [3]. Furthermore, the methodology 
developed using the 200 m ionic liquid column provided the means of resolving  more PUFA, 
branched-chain FA, furanoid FA, and particularly geometric FA isomers, which could not be 
separated using 30 m x 0.25 mm PEG columns as recommended in the AOCS Official 
Method for marine lipid analysis [2].  
 
The identification of all the FAME prepared from menhaden oil continues to be challenging. 
In our previous publication [3], we based the identification of the FAME on authentic FAME 
standards, principles of Ag+-HPLC fractionation, and published reports [1,2,4,5,7]. However, 
published separations had mainly been conducted using GC columns other than the 100 m x 
0.25 mm highly polar CPS phases. In this study, we established the FAME structures by 
utilizing the available FAME reference materials and standard mixtures, Ag+-HPLC 
fractionation followed by GC analysis, and by conducting complementary GC-TOF/MS 
analysis. The high resolution TOF/MS provided reliable and reproducible identifications even 
for PUFA present at low concentrations. Chemical ionization using CH4 as the ionization 
reagent gas was shown to provide a less marked fragmentation of unsaturated FAME 
compared to EI [36]. and the MS spectra might be used to obtain structural information based 
on the fragmentation pattern. Still, the fragmentation caused by CH4 as CI reagent did not 
allow the observation of the molecular ion of PUFA present in small amounts [36]. Chemical 
ionization using isobutane as the reagent gas provided soft ionization that produced an 
abundant molecular ion [M+H]+ including for highly unsaturated PUFA contained in small 
amounts. As shown in Figures 6 to 9, extracting the expected [M+H]+ ion from the TIC 
chromatogram was sufficient to identify the chain-length and the number of double bonds of 
most FAME. The presence of the [M-MeOH+H]+ ion was used to verify that the investigated 
peaks were FAME. We further compared our results to those obtained applying GC-online 
hydrogenation × GC. In this novel application, the FAME are separated using a 200 m x 0.25 
mm SLB-IL111 capillary column, then are fully hydrogenated by passage through a capillary 
tube coated with Pd, and re-separated in their reduced forms [32]. The elution of the FAME 
prepared from menhaden oil on the two dimensional separation plane confirmed the 
identifications of both their chain lengths and number of double bonds. 
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While the current GC-TOF/MS method provided definitive information regarding the chain 
length and number of double bonds of the FAME prepared from menhaden oil, it did not 
establish the positions of double bond. Preparation and analysis of the DMOX derivatives or 
other suitable derivatives (picolinyl esters, pyrrolidide) or adducts (4-methyl-1,2,4-triazoline-
3-5-dione) could provide this information [37-39]. However, investigation of minor and 
partially overlapping peaks would still present a challenge because their signals fall below the 
sensitivity of the instrumentation or because mass spectra provide limited information. The 
ECL calculations based on the elution times on GC columns have been used and are 
commonly recommended to serve as a guide in the assignment of the double bond positions of 
highly unsaturated methylene-interrupted (MI) PUFA [37,39]. It is well known that the ECL 
of MI PUFA having the same number of double bonds, in the same geometric configuration, 
and in the same position relative to the terminal carbon of the FAME have similar fractional 
chain length (FCL) values when analyzed using the same GC column under 
isothermal/isobaric conditions [40,41]. Since most of the PUFA in fish oils have MI 
structures, the ECL and FCL calculations are helpful in the identification of homologous 
PUFA. Table 1 presents the ECL and FCL values calculated based on the retention times of 
the menhaden oil PUFA separated using the described chromatographic conditions, and 
applying the formulas reported by Bannon et al [41]. The PUFA with similar structure 
reported in Figures 1 to 5 were characterized by similar FCL values (Table 1). Menhaden oil 
contains several MI PUFA with chain lengths ranging from 16 to 22 carbon atoms that can be 
identified using the n-6, n-4, n-3 and n-1 nomenclature. The Δ- nomenclature of PUFA is also 
provided in Table 1. It should be noted that ECL and FCL calculations strictly apply when 
using isothermal/isometric GC conditions. This observation explains why the calculated 
ECL/FCL values are more consistent for FAME eluting during the isothermal portion of the 
separation, i.e., the first 50 min. After the beginning of the temperature gradient at 50 min the 
retention times of the FAME are shortened, causing the deviation of the corresponding 
ECL/FCL values from their expected counterparts calculated under constant temperature and 
flow conditions. Increasing the flow rate of the carrier gas from 1.6 to 3.0 ml/min after the 
elution of the 18:1 and 18:2 FAME (35 min) provided a minor effect on the ECL and FCL 
values (Table 1). Increasing the elution temperature from 170 to 185°C after the elution of 
18:1, 18:2 and 18:3 FAME (50 min.) allowed the separation of these FAME at their optimal 
separation temperature, and then reduced the time of elution of the highly retained PUFA. 
Menhaden oil also contained several non-methylene interrupted (NMI) FAME listed in  
Table 1.  
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Two of the FAME had the same terminal structure and a similar FCL, with the double bonds 
separated by 6 methylene (CH2) units (c5,c11-18:2 and c7,c13-20:2). There were two 
additional NMI FAME with unknown structures (16:2NMI, 17:2) which FCL values did not 
match those of the NMI FAME stated above. Additional studies are needed to establish the 
structures of these NMI FAME. 
 
In this study, we were able to confirm the presence of t6-16:1 in menhaden oil. This FAME 
was clearly resolved on the 200 m SLB-IL111 column from the other trans-16:1 FAME 
contained in the trans-16:1 synthetic mixture (Fig. 2). The occurrence of t6-16:1 FAME was 
previously reported by Ackman in a number of marine species [1]. We could only tentatively 
identify this FAME in menhaden oil using a 100% CPS column [3], since that phase did not 
allow for the separation of t6-, t7- and t8-16:1 [19], while the use of an SLB-IL111 allowed 
the separation of t6- from other trans-16:1 FAME (Figure 2). It is of interest to note that small 
amounts of t6-17:1 (Figure 2) and t8-18:1 (Figure 3) were also observed, suggesting that t6-
18:1 may be chain elongated in fish.  
 
The occurrence of furan FA in fish lipids was first reported by Glass et al. [42] and further 
studies indicated that unsaturations can be present in their alkyl chains. Ishii et al. [34] 
reported the presence at least 30 unusual furan FA in the hepatopancreas of crayfish. Furan 
FA were isolated (along with some branched-chain FA) by applying hydrogenation followed 
by urea fractionation. This procedure provided the comprehensive content in furan FA with a 
given carbon skeleton. The current study reports only the elution pattern of fully saturated 
furan FAME that are present at concentrations above the limit of detection of this 
methodology. The low concentration of the furan FA in menhaden oil and their coelution (as 
MEs) with other FAME indicates the need of a prior isolation/concentration of these 
compounds before their quantification by GC-FID, or the application of a more 
selective/sensitive detection. The chromatographic conditions used for Ag+-HPLC 
fractionation eluted furan FAME in the trans-MUFA fraction (II). A more precise evaluation 
of the furan FAME elution by Ag+-HPLC indicated that these FAME elute after the SFA and 
slightly ahead of the trans-MUFA. 
Isoprenoid FA are derived from the metabolism of phytol [43] and were identified in 
menhaden oil by Ratnayake et al. [29]. Methyl 4,8,12-TMTD, methyl pristanate and methyl 
phytanate are present in fish oils as two diastereoisomers [43,44] and they were eluted as  
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partially separated doublets in both the unfractionated sample and the SFA Ag+-HPLC 
fraction (I). These isoprenoid FA, which unlikely are de novo synthesized in fish [43], were 
all separated from other FAME occurring in menhaden oil and might be used as dietary 
markers. 
 
We also wished to settle the question of whether menhaden oil contains naturally occurring 
trace amounts of CLA isomers. This occurrence was suspected since in a previous study, 
using a SP-2560 column for FAME separation, small amounts of c9,t11-18:2 and t9,t11-18:2 
were observed [3]. In this study no peaks were observed in the cis-MUFA fraction (III) where 
the c,t-/t,c-CLA are expected to elute (Figure 4), and no peaks were observed in the trans-
MUFA fraction (II) where t,t-CLA are expected to elute based on Ag+-HPLC elution 
principles [13]. These obbervations were confirmed by comparison with the separation of the 
isomerized CLA mixture inserted in Figure 4, and the separation of previously synthetized 
CLA isomers from 6,8- to 13,15-18:2 FAME [26,27]. Ackman previously reported the 
absence of CLA in fish oil unless there was a contamination [45] and we can now support this 
conclusion. However, it should be noted that partially or fully conjugated FA are also formed 
from PUFA during heating of vegetable oils [46] and fish oils [8,9], and therefore, partially or 
fully conjugated FA (including CLAs) might occur in refined menhaden oil. If mixtures of 
fish and ruminant products containing CLAs were to be investigated using the current GC 
conditions, rumenic acid (c9,t11-18:2) would co-elute with a18:4 FAME (RT 46.88 min), and 
t,t-CLA positional isomers would coelute with 18:4n-1, 23:0, or c13- and c15-22:1 (Figure 4).  
 
While the occurrence of 7-Me-6-16:1 FA in marine fish oil has already been reported [30,47], 
the one of methyl 7-Me-6-18:1 has not. In our previous work, separating the same matrix by 
GC - online reduction × GC [32], we observed the presence of their two corresponding FAME 
but could not provide their identification. The GC - online reduction × GC results showed two 
peaks eluting slightly above the C16 and C18 lines, which would be consistent with the 
presence of a double bond (reduced by the Pd catalyst) and a methyl substituent in the central 
part of the alkyl chain. The interpretation of their mass spectra as ME or DMOX derivatives is 
rather complex [31,47] and likely requires the evaluation of more than one rearrangement. 
However, the mass spectra of both compounds show unique fragmentation patterns that could 
allow for their identification by comparison with spectra of the same compounds published 
elsewhere [30,31,33,47,48,49]. Even though methyl 7-Me-7-16:1 was reported in marine fish  
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oils [29,48,49], we observed the occurrence of only methyl 7-Me-6-16:1 FAME as shown by 
the single peak contained in the trans-MUFA fraction (II) in Figure 2.  
 
We also considered whether the use of a 100 m x 0.25 mm SLB-IL111 column would be 
suitable for routine analysis of fish oil FAME rather than its 200 m x 0.25 mm version. The 
results indicate that most of the PUFA (Table 1) can be well separated from each other using 
either column versions with the exception of few overlaps as 16:4n-3 with 18:2n-6, and 18:4 
(RT46.88 min) with 20:2n-6 FAME. However, the real difference between the separations 
provided by these two columns differing in lengths is the lower resolution for the 100 m 
column of the positional isomers of unsaturated FAME, such as the separation of t10- from 
t11-18:1 [23], and the more extensive overlap of the PUFA with the SFA and MUFA [22,23]. 
The lower resolution provided by the 100 m column would be of particular concern for the 
analysis of marine oils mixed with other fat products, such as ruminant fats, milk fats, 
vegetable oils, or partially hydrogenated fats. By contrast, the methodology developed using 
the 200 m SLB-IL111 column was shown to successfully separate (as FAME) the complex 
mixtures of SFA, MUFA, di-unsaturated FA, CLAs and short-chain FA constituting plant 
lipids and ruminant fats [22,23].  
 
CONCLUSIONS 
 
The set of chromatographic conditions described in this study provided the separation of over 
100 FAME prepared from menhaden oil, including the positional and geometric isomers of 
MUFA, n-6, n-4, n-3 and n-1 MI PUFA with chain lengths from C16 to C22, several NMI 
PUFA, saturated and branched-chain FAME. Silver ion chromatography provided a very 
useful simplification of the complex elution pattern of the menhaden oil FAME. High 
resolution GC-TOF/MS, operated in CI+ mode using isobutane as the ionization gas, provided 
unambiguous identifications of the molecular ions of all FAME, including most of the co-
eluting FAME. The identifications of methylene interrupted PUFA were verified by 
evaluating their ECL and FCL values. In a previous publication, we demonstrated that the 
chromatographic conditions applied in this study provide superior separations of FAME 
prepared from partially hydrogenated fats [22] and dairy products [23] compared to other 
available methodologies. In this study, we demonstrated that the same methodology can also 
be applied to the separation of FAME prepared from fats and oils of marine origin. 
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LEGENDS TO FIGURES 
 
Fig. 1. Partial GC chromatogram of the 4:0 to 16:0 elution segment. From the bottom: FAME 
prepared from menhaden oil before fractionation, Ag+-HPLC fractions containing 
SFA (I), trans-MUFA (II), cis-MUFA (III), PUFA (IV), and reference mixture GLC 
463. Conditions: Supelco SLB-IL111 capillary column (200 m x 0.25 mm, 0.2 µm 
thickness), temperature/flow gradients as described in the experimental section. 
Colored inserts show the synthetic cis (blue) and trans (red) 14:1 and 15:1 positional 
isomer mixtures. Abbreviations: i- = iso; ai- = anteiso. 4,8,12-TMTD = 4,8,12-
trimethyl-tridecanoate ME.  
 
Fig. 2. Partial GC chromatogram of the 16:0 to 18:0 elution segment. From the bottom: 
FAME prepared from menhaden oil before fractionation, Ag+-HPLC fractions 
containing SFA (I), trans-MUFA (II), cis-MUFA (III), PUFA (IV), and reference 
mixture GLC 463. Conditions: SLB-IL111 capillary column (200 m x 0.25 mm, 0.2 
µm thickness), temperature/flow gradients as described in the experimental section. 
Abbreviations: i- = iso; ai- = anteiso; Phy-1 = methyl 3S,7R,11R phytanate; Phy-2 = 
methyl 3R,7R,11R phytanate, NMI= non methylene interrupted. Colored inserts show 
the synthetic cis (blue) and trans (red) 15:1, 16:1 and 17:1 positional isomers 
mixtures. 7-Me-6-16:1 = methyl 7-methyl 6-hexadecenoate 
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Fig. 3. Partial GC chromatogram of the 18:0 to c9,c12-18:2 elution segment. From the 
bottom: FAME prepared from menhaden oil before fractionation, Ag+-HPLC fractions 
containing SFA (I), trans-MUFA (II), cis-MUFA (III), PUFA (IV), and reference 
mixture GLC 463.  Conditions: SLB-IL111 capillary column (200 m x 0.25 mm, 0.2 
µm thickness), temperature/flow gradients as described in the experimental section. 
Colored inserts show the synthetic cis (blue) and trans (red) 17:1, 18:1 and 19:1 
positional isomer mixtures, and isomerized linoleic acid (c9,c12-18:2, pink). 7-Me-6-
18:1 = methyl 7-methyl-6-octadecenoate. 
 
 
Fig. 4. Partial GC chromatogram of the c9,c12-18:2 to 20:3 elution segment. From the 
bottom: FAME prepared from menhaden oil before fractionation, Ag+-HPLC fractions 
containing SFA (I), trans-MUFA (II), cis-MUFA (III), PUFA (IV), and reference 
mixture GLC 463.  Conditions: SLB-IL111 capillary column (200 m x 0.25 mm, 0.2 
µm thickness), temperature/flow gradients as described in the experimental section. 
CLA = conjugated linoleic acid. Colored inserts show the synthetic cis (blue) and 
trans (red) 20:1 positional isomer mixtures, isomerized CLA (green), γ-linolenic acid 
(18:3n-6, pink), and α-linolenic acid (18:3n-3, violet).  
 
Fig. 5. Partial GC chromatogram of the 20:3 to 22:6 elution segment. From the bottom: 
FAME prepared from menhaden oil before fractionation, Ag+-HPLC fractions 
containing SFA (I), trans-MUFA (II), cis-MUFA (III), PUFA (IV), and reference 
mixture GLC 463.  Conditions: SLB-IL111 capillary column (200 m x 0.25 mm, 0.2 
µm thickness), temperature/flow gradients as described in the experimental section. 
FM a,b = furan FA with a one methyl substituent on the furanoid ring, a indicates the 
length of the alkyl chain containing the carboxyl group, b the length of the terminal 
alkyl chain; FD a,b: furan FA with two methyl substituents on the furanoid ring. 
 
Fig. 6. Partial GC-MS chromatogram of the 16:0 to 18:0 elution segment. From the bottom: 
TIC chromatogram, selected ion m/z 271.330 [M+H]+ ion of 16:0, m/z 285.350 
[M+H]+ ion of 17:0, m/z 269.317 [M+H]+ ion of 16:1, m/z 327.406 [M+H]+ ion of 
phytanate, m/z 283.336 [M+H]+ ion of 17:1, m/z 299.370 [M+H]+ ion of 18:0. 
Conditions: SLB-IL111 capillary column (100 m x 0.25 mm, 0.2 µm thickness), 
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constant elution temperature 170°C, constant elution pressure 80 kPa, TOF mass 
spectrometer operated in CI+ mode with isobutane as the CI reagent gas. 
  
Fig. 7. Partial GC-MS chromatogram of the 18:0 to c9,c12-18:2 elution segment. From the 
bottom: TIC chromatogram, selected ion m/z 299.372 [M+H]+ ion of 18:0, m/z 
283.339 [M+H]+ ion of 17:1, m/z 235.261 [M-MeOH+H]+ ion of 16:2, m/z 297.354 
[M+H]+ ion of 18:1, m/z 313.391 [M+H]+ ion of 19:0, m/z 265.284 [M+H]+ ion of 
16:3, m/z 294.330 [M]+ ion of 18:2. Conditions as described in Figure 6. 
 
Fig. 8. Partial GC-MS chromatogram of the c9,c12-18:2 to 20:3 elution segment. From the 
bottom: TIC chromatogram, selected ion m/z 294.334 [M]+ ion of 18:2, m/z 325.393 
[M+H]+ ion of 20:1, m/z 263.271 [M+H]+ ion of 16:4, m/z 341.428 [M+H]+ ion of 
21:0, m/z 293.320 [M+H]+ ion of 18:3, m/z 322.373 [M]+ ion of 20:2, m/z 291.306 
[M+H]+ ion of 18:4, m/z 353.434 [M+H]+ ion of 22:1, m/z 321.369 [M+H]+ ion of 
20:3. Conditions as in described Figure 6. 
 
Fig. 9. Partial GC-MS chromatogram of the 20:3 to 22:6 elution segment. From the bottom: 
TIC chromatogram, selected ion m/z 321.369 [M+H]+ ion of 20:3, m/z 319.346 
[M+H]+ ion of 20:4, m/z 381.461 [M+H]+ ion of 24:1, m/z 317.332 [M+H]+ ion of 
20:5, m/z 331.319 [M+H]+ ion of 21:5, m/z 347.407 [M+H]+ ion of 22:4, m/z 345.358 
[M+H]+ ion of 22:5, m/z 343.343 [M+H]+ ion of 22:6. Conditions as described in 
Figure 6. 
 
Fig. 10. GC-EI-TOF/MS spectra of methyl 7-methyl-6-hexadecenoate (upper), and methyl 7-
methyl-6-octadecenoate (lower).   
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Chapter 9 
 
FINAL DISCUSSION 
 
 
Separation and quantification of trans fatty acids using ionic liquid capillary GC column  
 
Room temperature ionic liquids (RTIL) are generally composed of a cation (e.g., alkyl 
imidazolium, alkyl phosphonium, alkyl pyrrolidium, etc.) compensated by an anion of organic 
(e.g., NTf2-, TfO-, etc.) or inorganic (e.g., X-, PF6-, BF4-, etc.) nature (FIGURE 13) [Qiao et 
al., 2013]. Their low volatility, relative high thermal stability and high polarity make them 
attractive stationary phases for GC. The development of dicationic, trigonal tricationic, and 
cross-linked RTILs led to the novel IL capillary columns currently being developed for the 
separation of FAME. The unique separation capabilities of SLB-IL111 columns that are novel 
capillary columns commercialized by Supelco were evaluated and coated with the most polar 
liquid phase currently available for the gas chromatographic separation of FAME. 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 13 Structure of the ionic liquid phase of the SLB-IL100 capillary column. 
 
 
Methodologies for FAME separations evolved with the availability of columns with 
increasing polarity of the stationary phases and number of theoretical plates. For more than 
two decades, 100% cyanopropyl siloxane (CPS) have been the most polar and thermally 
stable phase available. CPS columns, in the commercial format of 100 m length (0.25 mm 
ID), provide the greatest number of theoretical plates and have been used to develop methods 
requiring the most refined separation of geometric and positional isomers of FAME. The 
AOCS Official Methods Ce-1h 05 and Ce-1j 07 were developed using these columns to 
measure the trans FA content of fats and oils from non-marine origin [Mossoba et al., 2009 (J 
1,9-di(3-vinylimidazolium) nonane bis(trifluoromethyl) sulfonyl imidate) 
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AOAC Int. 92, 1284-1300)]. The 100 m x 0.25 mm CPS columns SP-2560 (from Supelco 
Inc.) and CP-Sil 88 (from Varian Inc.) operated isothermally at 175-180 ◦C maximized the 
separation of geometric and positional isomers of unsaturated FAME contained in PHVOs 
and ruminant fats [Chapter 3].  
 
Despite the high number of FAME separated by SP-2560 and CP-Sil 88 columns, there are 
still several FAME of interest co-eluting in the 16:1, 18:1, 18:2, 20:1/18:3, and CLA isomers 
chromatographic regions. Some of these co-elutions can be overcome by applying Ag+ ion 
fractionation (Ag+-HPLC, Ag+-TLC or Ag+-SPE) prior to GC quantification, such as the 
separation of t9-16:1 that co-elutes with iso-17:0 [Precht and Molkentin, 2000; Cruz-
Hernandez et al., 2006], or by applying two temperature programs to resolve many of the 
trans-and cis-16:1, 18:1 and 20:1 isomers [Kramer et al., 2008].  
 
The recent availability of the SLB-IL111, a novel capillary column coated with a proprietary 
phase that is markedly more polar than 100% CPS, provided a separation tool characterized 
by significantly higher selectivity toward the position and geometric configuration of FA 
double bonds. A 100 m SLB-IL111 column operated at 169 °C showed the ability of separate 
a greater number of FAME compared to 100% CPS column of the same length, including the 
separation of the main two naturally occurring CLA isomers t7,c9- and c9,t11-18:2. Among 
other benefits, the SLB-IL111 operated at 169 °C provides the elution of all trans-18:1 FAME 
before oleic acid (c9-18:1) and t16-18:1 between c13- and c14-18:1. While these 
chromatographic conditions provided the separation of t10-, t11-, and t12-18:1 when they 
were present in similar amounts, as in the case of most PHVOs, this resolution did not occur 
for samples such as milk fat in which these FAME were present in unequal quantities. The 
separation of these FAME isomers can be significantly improved by doubling the length of 
the separation column to 200 m, thus taking advantage of the gain in resolution that is 
proportional to the square root of the number of theoretical plates.  
 
A 200 m SLB-IL111 column was used in this study to develop a GC method that would 
provide a significantly improved separation of the FAME prepared from vegetable fats and 
oils and dairy products [Chapter 4], and marine oils [Chapter 7] in a single operation in about 
100 min. The time of analysis was similar to that of most other established GC procedures. 
The method, which aimed to maximize the separation of the 18:1, 18:2 and 18:3 FAME, 
relied on a combined flow and temperature gradient: the flow rate was increased from 1.6 to 
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3.0 ml/min after the elution of the 18:2 FAME, while the temperature was raised from 170 °C 
to 185 °C after the elution of the 18:3 FAME. Figure 14 shows the separation of FAME 
prepared from milk fat that can be achieved by this method in 90 min. 
 
 
 
 
 
 
 
 
FIGURE 14 Separation of milk fat FAME using a 200 m SLB-IL 111 
 
In addition to separating the C18 FAME which are the primary constituents of most vegetable 
fats and oils, the selected conditions provided the separation of the short chain FAME 
including C4:0 contained in milk fat and the long chain PUFA up to docosahexaenoic acid 
(DHA) contained in marine products such as menhaden oil (FIGURE 15). The separations of 
all CLA isomers occurring in ruminant fats, including c9,t11- from t7,c9-18:2, and of the 
most geometric and positional isomers from 6,8 - 13,15-18:2 were among the most relevant 
improvements provided by this separation method. The separation of many of these FAME 
was not possible using 100 m CPS columns at any isothermal temperature or temperature 
program conditions [Cruz-Hernandez et al.,2006; Yurawecz et al., 1998]. Thus, the use of this 
method eliminated the need for a complimentary Ag+-HPLC technique to resolve these two 
major CLA isomers [Cruz-Hernandez et al., 2004]. The c9,t11-18:2 content in ruminant fats 
was overestimated using 100% CPS columns, unless an additional Ag+-HPLC step was 
included to measure these two CLA isomers. The novel methodology described here for 
FAME separation and quantification will significantly reduce the time and expertise required 
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to obtain this information, since it is capable of resolving these two CLA isomers directly in a 
single GC analysis.  
 
 
 
 
 
 
 
 
 
 
FIGURE 15 Separation of menhaden oil FAME using a 200 m SLB-IL 111 
 
Figure 16 shows the comparison between a 100 m SP-2560 operated at 180 °C isothermal and 
a 200 m SLB-IL111 operated under the flow and temperature gradient conditions described 
above for the separation of 14:0–16:0 milk fat FAME. The higher polarity of SLB-IL111 
results in a higher retention of FAME with double bonds, which was evident by the observed 
reversal of the elution order of c9-16:1 and 17:0, or c9-17:1 and 18:0. The experimental 
conditions selected for the separation using the SLB-IL111 provided a major improvement in 
the separation of FAME present in the chromatographic region from 16:0 to 18:0, allowing 
the quantification of most of the 16:1 FA.  
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FIGURE 16 Comparison of the 16:0 to 18:0 FAME region of a pizza sample analyzed according to AOCS 
Official Method Ce 1j-07 (top chromatogram) and the new developed GC method (bottom chromatogram) 
 
 
Figure 17 shows the same comparison of the two GC columns (SP-2560 and SLB-IL111), but 
of the separation of milk fat FAME from 18:0 to linoleic acid (c9,c12-18:2). The new method 
provided separation of most trans-18:1 contained in milk fat including vaccenic acid, and 
several 18:2 FAME that co-eluted when using the AOCS Official Method with a SP-2560. 
Milk fat contains among others both the t10-18:1 and the t11-18:1 (vaccenic acid) isomers. 
Unlike t11-18:1, t10-18:1 is not known to provide any beneficial health effects in animals or 
humans (Field et al., 2009). Several reports have shown that high amounts on t10-18:1 are an 
indicator of ruminants fed diets containing high levels of digestible carbohydrates or high in 
PUFA [Griinari et al., 1998; Cruz-Hernandez et al., 2007]. 
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FIGURE 17 Comparison of the 18:0 to cis9,cis12-18:2 FAME region of a pizza sample analyzed according 
to AOCS Official Method Ce 1j-07 (top chromatogram) and the new developed GC method (bottom 
chromatogram). The lower chromatogram contains several unknown trans containing 18:2 isomers.  
  
 
The major advantage of the new method, compared to the AOCS methods Ce 1j-07 and Ce 
1h-05, was to enable the resolution of t10- and t11-18:1 and to identify samples containing 
significant amounts of t10-18:1. In addition, the method made it possible to resolve a number 
of trans containing 18:2 isomers. 
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Based on the improved chromatographic separation of FAME provided by the SLB-IL111 
column, we speculated that the quantitation of total trans fat would be more accurate than that 
provided by the Official Methods Ce 1h-05 or Ce 1j-07 using 100% CPS columns. However, 
a comparison of selected samples investigated showed that the quantitative analysis of total 
trans fat was similar using the 200 m SLB-IL111 column compared to the 100 m SP-2560 
column according to Method Ce 1j-07 [Tyburczy et al., 2012]. 
 
The chromatographic separation of mono-trans 18:2 and mono-trans 18:3 FAME is a critical 
factor affecting the measurement of the total trans FA content of oils, foods and fats. The 
deodorization step during processing of vegetable oils has been shown to cause isomerization 
of double bonds of all-cis PUFA, the natural form of most PUFA in vegetable oils. This 
process results in the formation of mono-trans and di-trans PUFA. The oil content in these 
trans PUFA may reach up to 3.5% of total FA in vegetable oils [Wolff, 1992]. In a current 
study of 30 commercial vegetable oils we found that the total trans content ranged from 
0.03% to 2.18% [Mossoba et al., 2013]. 
 
The content of total trans fat of 32 representative fast food samples was determined in another 
study. The primary objective of the study was to analyze the current levels of trans fat, 
including the content of trans PUFA, in representative fast food samples from U.S.-based 
restaurants using the AOAC 996.06 extraction and transmethylation procedure with AOCS 
Official Method Ce 1j-07 for the quantitation of FAME [Tyburczy et al., 2012]. The content 
of trans MUFA, mono-trans 18:2 and mono-trans 18:3 FAME differed by food category. For 
ruminant-derived foods, trans MUFA consisted primarily of trans 18:1 FAME, which were 
the predominant trans FA class (4.4% of total FA). In contrast, the combined content of trans 
18:2 and trans 18:3 FAME was observed to be relatively minor (<1% of total FA). For many 
of the chicken tenders/nuggets, French fries and apple pie/turnover samples considered in the 
study, the ratio of trans MUFA to the sum of trans 18:2 plus trans 18:3 FA was less than 1.0, 
reflecting the typical content of trans PUFA and low levels of trans MUFA in oils that have 
undergone deodorization but not partial hydrogenation [Wolff, 1992]. In other samples, the 
ratio of trans MUFA to the sum of trans 18:2 plus trans 18:3 FA was greater than 1.0, and 
could be explained by the use of partially hydrogenated oil in the preparation of these foods. 
Therefore, these results reveal the importance of the ratio of trans MUFA to trans 18:2 plus 
trans 18:3 FA for identifying the presence of partially hydrogenated oils in 
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non-ruminant-derived foods. They also emphasize the advantage of use of an SLB-IL111 
column in making these determinations. 
 
Preparation of Reference Materials to Support Identification of Fatty Acids 
 
The first step in the development of a chromatographic method, including quantification, is 
the correct identification of the analytes whose separations were observed. Among other 
available techniques for identification (e.g. mass spectrometry) of separated compounds pure 
reference materials are needed to compare with separated compounds.  Reference materials 
are also needed for the process of method validation. Analysis of the FA composition of fats 
and oils requires the quantification of a large number of FA, many of which are not available 
as reference materials. Jensen [2002] reported the presence of at least 400 FA in milk fat. In 
this study (Chapter 5) more than 150 FA in milk fat, and over 100 FA in menhaden oil 
(Chapter 7) using the 200 m SLB-IL111 column were separated and identified  
 
The limited availability of commercial trans fatty acid reference materials for use in the 
development of gas chromatographic separation methods played a critical role in this research 
project. Trans monounsaturated FA (tMUFA), the primary source of TFA in food, are of 
limited availability as reference materials from commercial suppliers. With the exception of 
data regarding the separation of 16:1 FAME positional/geometrical isomers [Kramer et al. 
2008; Precht and Molkentin, 2000], identification of the GC elution profile of MUFA, other 
than 18:1 FAME, is limited to that of the available reference materials.  Data regarding non-
conjugated mono-trans dienes (present in milk fat) or mono-trans PUFA isomers are also 
rarely available.  
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To overcome this limitation, a project was undertaken to synthesize most of the geometric and 
positional isomers from C14 to C20. Saturated straight-chain FA are most commonly 
synthesized from olefins isolated from petroleum by applying: 
 
A) Continuous air oxidation of aliphatic hydrocarbons catalyzed by permanganate; 
B) Oxidation of straight-chain terminal olefins; 
C) Oxidation of straight-chain alcohols; 
 
The unsaturated FA are usually synthesized by applying a coupling reaction of alkynes 
according to a general method that contains three distinctive steps: 
 
1) Construction of the alkynes; 
2) Introduction of acid functionality;  
3) Partial reduction of the acetylenes; 
 
These processes can produce large quantities of FA at low cost but are not practical as 
reference materials for GC analyses because they lack purity. Therefore, many synthetic 
procedures from the literature for the preparation of the reference materials were reviewed 
and needed for the quantification of FA (including trans FA) in fats and oils of non marine 
origin. The reactions were adapted for small scale application using glassware and equipments 
available in most laboratories (Chapter 3).  
Mixtures containing geometric and positional isomers of MUFA were obtained by repeated 
addition and elimination of HBr to commercially available cis-MUFA. Subsequent 
fractionation of the synthetic geometric mixture into cis- and trans-MUFA by Ag+SPE or 
Ag+-HPLC produces reference mixtures that were used “as is” for the identification of these 
FAME in fats and oils. If pure MUFA were needed, they were obtained by a combination of 
RP- and Ag+-HPLC fractionation.  
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24 hours at +100°C.
O
HO
O
HO
O
HO
Octadec-8-enoic acid
Octadec-9-enoic acid
Octadec-10-enoic acid
The entire preparation can be summarized in 5 steps: 
 
1) Addition of HBr to a commercially available carboxylic acid with at least one 
 double bond;   
2)  Elimination of HBr using hot alkali; 
3) Methylation using BF3/Methanol;   
4) Purification (e.g. HPLC); 
5) Isomerization with para-toluene sulfinic acid (PTSA); 
 
Using this preparation scheme (FIGURE 18), it was possible to prepare and purify the 
positional and geometric isomers of MUFA from 14:1 to 20:1.  
 
The addition/elimination of HBr to monoenoic FA was repeated until the targeted 
isomerization was reached. After obtaining the desired MUFA isomerization, the products of 
reaction were re-converted to methyl esters before being used as reference materials for GC 
analysis or fractionation by HPLC.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 18 Scheme for the preparation of MUFA positional isomers. In each case the geometric isomers 
were subsequently resolved using Ag+-HPLC.  
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FIGURE 19 GC-FID chromatogram of 18:1 and 19:1 positional and geometric FAME mixture, prepared 
according to presented procedure.  
 
 
Ag+-HPLC provided selectivity toward the cis and trans double bonds of FAME, and allowed 
the fractionation of geometrical isomers of MUFA. The thermodynamically favored trans 
isomers were produced by the de-hydrobromination reaction in about twice the amount as the 
cis isomers. Figure 19 shows the GC-FID separation of the reaction products of 18:1 and 19:1 
isomers using a 200 m SLB-IL111 capillary column. The fractionation of the mixtures into 
the cis and trans groups of positional isomers was obtained by applying Ag+-HPLC.  
 
In this study, positional/geometrical and non-conjugated isomers of linoleic acid were also 
prepared (FIGURE 20). These FAME were prepared by conducting a single 
addition/elimination with HBr to linoleic acid. A second repetition of the addition/elimination 
process could have led to a more interesting set of linoleic acid isomers, but significant side 
reactions, which reduced the yield of the expected FAME, were observed. The 
positional/geometrical isomers of linoleic acids are of special interest, due to their presence in 
milk fat and dairy products, as well as IP-TFA. The co-elution of mono trans-18:2 with cis-
18:1 and 19:1 FAME isomers makes their identification very challenging and there is an 
urgent need for additional reference materials. 
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FIGURE 20 GC-FID chromatogram of positional and geometric isomers FAME mixture (bottom 
chromatogram) prepared after a single addition and bromination of HBr according to the presented procedure. 
PTSA, para-toluene sulfonic acid.  
 
 
The preparation of isolated non-conjugated 18:2 isomers relied on well known chemical 
principles and low-cost supplies available in most laboratories. It allowed the preparation of 
the reference materials needed for the quantification of the trans-FA in dairy products and 
vegetable oils. The starting material can be either commercially available FAME such as 
linoleic acid, or an FA isolated from a natural source (e.g. seed oils). The synthesis of FAME 
using addition/elimination reactions, mentioned above, was used to produce larger quantities 
of relatively pure unsaturated FAME such as 8,13-, 9,13-, and 8,12-18:2 (FIGURE 20). 
However, the equipment and skills needed to carry out these reactions make them unsuitable 
for laboratories not dedicated to synthetic organic chemistry.  
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Purified MUFA positional isomers can be isomerized by para-toluene sulfonic acid (PTSA) 
to obtain mixtures of geometrical isomers. Reversible addition of PTSA provided geometrical 
isomerization of double bonds without causing their migration on the alkyl chain (FIGURE 20 
& FIGURE 21).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 21 GC-FID of purified and PTSA isomerized mixture of 16:1 FAME after three repetitions (Rep.) 
of addition/elimination reaction of HBr, starting with cis9-16:1 
 
 
 
min 
cis9-16:1 
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Multidimensional Gas Chromatography 
 
For several decades, capillary GC has been the most frequently used technique for the 
separation of compounds having the volatility needed to repartition between a gas and a liquid 
phase. Fatty acids are generally derivatized to their FAME prior to GC analysis. To evaluate 
the new ionic liquid capillary column (SLB-IL111), a 200 m x 0.25 mm column was selected 
to resolve complex mixtures of FAME prepared from milk fat and fish oil (menhaden oil). 
These two matrices represent the most complex FA profiles of natural fats that challenges the 
current GC technology to separate these FAME. Compared to other available methodologies, 
this method significantly improved the separation of several closely eluting FAME in 
complex lipid mixtures that include geometrical and positional isomers. For example, a total 
of more than 150 FAME prepared from milk fat [Chapter 5] and 109 FAME prepared from 
menhaden oil [Chapter 7] were separated in a single GC analysis. 
 
The official AOCS methodologies optimized for the separation of FAME prepared from 
vegetable oils and animal fats employs long (100 m) 100% CSP capillary columns to 
maximize the separation of unsaturated FA positional/geometric isomers. In contrast, the 
official AOCS methodology developed for the separation of marine oil FAME employ a much 
shorter CARBOWAX type capillary column of lower polarity that focused on the separation 
of unsaturated FAME within different chain lengths. Columns coated with CARBOWAX 
phases are preferred for the separation of marine oil FAME based on the principle that all the 
PUFA with an n carbon alkyl chain elute before the saturated n+2 FAME. This approach 
avoids the overlap of PUFA differing in their chain lengths but jeopardizes the separation of 
the geometric isomers of unsaturated FAME. 
 
These two different separation strategies applied to the analysis of vegetable, animal and 
marine oil FAME can be combined in a comprehensive two dimensional GC separation (GC 
X GC). FAME can be separated first using a highly polar GC column that provides high 
selectivity toward the position and geometric configuration of double bonds, followed by a 
separation using a lower polarity short column (1-3 m) that primarily serves to resolve the 
FAME based on their chain lengths. However, for practical reasons, most of the GC X GC 
applications reported in the literature for FAME used a low polarity column for the first 
dimension separation (1D) and a short polar column for the second dimension separation (2D) 
Despite the higher theoretical peak capacity of these GC X GC systems compared to those of 
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classic mono-dimensional GC (1D-GC) systems, the selected conditions resulted in a lower 
number of separated FAME compared to well optimized 1D-GC. 
 
In the current study, a novel approach for GC X GC analysis of FAME was developed that 
allowed the use of a highly polar column for 1D, and followed by a 2D separation based 
uniquely on the carbon skeleton of FAME. In some cases, a catalyzer or a reducer was added 
between the two dimensions of separation before the thermal modulator. The reducer, 
consisting of a capillary tube coated with palladium on its inner surface, catalyzed the 
reduction of double bonds, in the presence of hydrogen carrier gas, to their corresponding 
saturated FAME. The concept of online hydrogenation has been applied in an earlier stage of 
lipid research primarily to assist in the identification of FAME, including mass spectrometry 
[Ackman 1989]. The same chromatographic conditions were selected for the 1D separation as 
were used  
for the 1D-GC analyses,  
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 22 Scheme of GC × GC apparatus 
which insured the same resolution previously established (Chapter 5). The highly polar 200 m 
SLB-IL111 column was maintained at 170 °C. After separation on the 1D column, the U-
FAME were reduced to their carbon skeleton by the capillary reactor, and the reaction 
products were subsequently separated using a 2.5 m × 0.10 mm SLB-IL111 maintained at the 
same temperature as 1D.  The preparation of the capillary reactor is described in chapter 6. 
The scheme of the described GC X GC apparatus is shown in Figure 22.  
 
The GC X GC system used for these separations required joining two capillary columns on 
each end of the catalytic reducer and the whole system was maintained in the same oven. 
Figure 23 shows the separation of FAME prepared from menhaden oil, which consists of a 
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complex mixture of FA. The results of the two dimensional separation shows the elution of all 
the saturated FAME on a straight diagonal line bisecting the separation plane, while the 
FAME with the same carbon skeleton but differing in number, geometric configuration or 
position of double bonds lie on lines parallel to the 1D time axis. The separation of FAME on 
2D with different carbon skeletons (i.e. chain length, branches) appear on different lines and 
avoids the coelution of PUFA with different chain lengths, which presents a challenge when 
peaks co-elute even when using high polarity GC columns. In the marine oil sample, the 16:1 
FAME were separated from 17:0 (n-, i- and ai-) and from methyl phytanate. The 16:2, 16:3 
and 16:4 FAME were separated from the C17, C18, C19 and C20 FAME. However, the 17:1 
and 19:1 FAME, which are often ignored because of their co-elution and low abundance, 
were clearly identified and quantified. A particular challenge for trans fat quantitation has 
been the resolution and identification of the 18:3 and 20:1 FAME. Now there was no 
interference of the two sets of FA isomers and all the individual isomers were well resolved 
on different lines. The current GC-online reduction X GC system described took advantage of 
the far superior separation reported using a 200 m SLB-IL111 by 1D-GC [Chapter 7], and 
made use of the GC X GC technique [Chapter 6] provided a means to resolve FAME based on 
differences in chain length, thus avoiding several inescapable overlaps. 
 
 
 
 
 
 
 
  
FIGURE 23 GC × GC separation of the FAME prepared from menhaden fish oil sample 
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While the 170 °C isothermal GC-online reduction X GC elution of FAME using a 200 m x 
0.25 mm SLB-IL111 for 1D allowed for direct comparison of elution patterns and quantitative 
results, the experimental conditions were further optimized to take greater advance of the GC 
X GC capabilities. The convenience of a single oven design was maintained, but a 100 m 
column was selected in the 1D separation and an elution temperature program [Chapter 6] 
was carried out. Figure 24 shows the separation of the FAME of menhaden oil utilizing the 
modified system. The separation time of the second dimension was shortened to 2 s, which 
resulted in the late eluting long chain PUFA eluting as sharper 1D peaks that lowered the 
limits of quantification. The saturated FAME with at least 14 carbons now eluted in an almost 
straight line parallel to the 1D time axis, and FAME with the same chain lengths eluted on 
crescent curves. The separation space was now better utilized, and the analytes (FAME) were 
distributed over most of the plane. The short 1D separation time of ~90 min made this set of 
experimental conditions more suitable for routine analysis. This is the first reported 
application of GC – online reduction X GC, but further optimization is expected. The unique 
FAME separations reported in this study provided confidence that this technique will become 
the new standard in the analysis of complex lipid mixtures. 
 
FIGURE 24 GC × GC separation of the FAME prepared from menhaden fish oil sample. Instrument 
configuration as in Figure 23, with modifications: 1D column 100 m x 0.25 mm SLB-IL111, and temperature 
program (130 ˚C per 23 min, then increased 1.3 ˚C to 220 ˚C)  
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Pine Nut Species in the U.S. Market    
 
The nutritious nature of nuts from certain Pinus species and their use as a dietary staple has 
been recognized for hundreds or thousands of years [Evaristo et al., 2010]. However, lately 
some consumers report taste disturbances (i.e., dysguesia) following the consumption of pine 
nuts.  Pine nut dysguesia, often referred to as “pine mouth” or “pine nut syndrome (PNS)”, 
was first described in 2001 [Mostin, 2001]. Consumer complaints include a bitter or metallic 
taste in the mouth which is often intensified by the ingestion with certain foods. These 
symptoms appear 1-2 days after ingestion and may persist from 8 days to 2 weeks after 
consumption of the pine nuts [Mostin, 2001].  To date, no specific chemical compound in 
consumer complaint samples has been identified as a potentially causative agent for the taste 
disturbances.  
 
The identification of the species of pine nuts in commercial samples became an area of 
intense investigation on the basis of a report by the French Food Safety Agency that nuts from 
the species P. armandii were associated with consumer complaints [AFSAA, 2009]. They 
hypothesized that consumption of pine nuts from P. armandii, a species not previously 
consumed in some markets, might be linked to the taste disturbances.   
 
Use of gas chromatographic analysis of the FA in pine nuts was a possible strategy for 
identification of pine nut species. A review of the FA content of 144 Pinus species [Flesch et 
al., 2011] showed species-specific FA profiles. These species-specific differences in 
individual FA made it possible to establish a “diagnostic index” (DI) capable of 
differentiating among different Pinus species [Destaillats et al., 2010]. However, the DI 
values and the content of some of the individual FA were shown to overlap in several species 
[Chapter 8]. These overlaps occurred in part because of differences in the content of 
individual FA within species, genetic variations, the choice of the chromatographic method 
(including GC column) and the problems with identification of individual FA. It was 
fundamental to use gas chromatographic techniques to correctly identify specific FA in 
species identification. This proved challenging since standards for some of the unique FA 
were not commercially available.  
 
In this study, the FA composition of a series of reference pine nuts and samples from the US 
market, including samples associated with pine mouth were evaluated, including the DI 
calculations used to differentiate among pine nut species. For example, the content of 
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5,9,12,15-18:4 in several species were: P. armandii, 0.08-0.12%; P.tabuliformis, 0.40%; P. 
wallichiana, 0.15-0.18%; P. yunnanensis, 0.50%. Another study reported the following 
contents of 5,9,12,15-18:4: P. armandii, 0.0-0.04%; P. tabuliformis, 0.06%; P. wallichiana, 
0.09 %; P. yunnanensis, 0.0-0.1% [Chapter 8],. 
 
These observations indicate that the DI is strongly dependent on the chromatographic method 
used and the authentification of the pine species. An DI value of a mixed sample of pine nuts 
is insufficient for certain identification. However, it was found out that the DIs of 
homogeneous samples (samples containing only one pine species) were reproducible and a 
valuable indicator.      
 
The genetic variation in P. armandii within a limited geographic area in China [Chen and 
Chen, 2011] suggests that different subspecies or varieties might be included in commodities 
for international trade. According to The International Plant Names Index [IPNI.org, 2012], 
the recognized subspecies and varieties of interest in this regard include P. armandii var. 
amamiana, P.armandii Franch (P. armandii var. armandii), P. armandii var. dabeshanensis, 
P.armandii var. farjonii, P. armandii var. fenzeliana, P. armandii var. mastersiana, 
P.armandii subsp. mastersiana, and P. armandii subsp. yuana.  
 
Currently, pine nuts in international trade are not required to be identified at the species or 
varietal level.  It is also difficult to obtain authentic reference pine nut samples from the 
varieties of interest.  In spite of such difficulties, DNA analysis proved to be a potentially 
powerful method for identifying species and subspecies of P. armandii. 
  
Because of the complexities associated with identifying pine nut mixtures based on DI values 
alone, a DNA-based method was developed that more clearly identified the presence of 
different Pinus species in samples associated with “pine mouth” and other commercially 
available pine nuts samples [Handy et al., 2011 & Chapter 8]. The genetic assessment of 17 
samples associated with pine mouth confirmed that 70% of these samples were a mixture of 
P. armandii and other pine species such as P. koraiensis.  
 
Previous attempts to differentiate among pine nuts prior to their analysis were based on their 
morphological attributes (e.g., length of nuts, diameter, color, etc.). It was found that pre-
selection of pine nuts based on their morphological characteristics may be neither efficient nor 
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accurate. Based on overall length and shape, it was observed that seeds of P. gerardiana and 
P. pinea L. were difficult to distinguish, as were seeds of P. sibirica and P. armandii 
[Chapter 8]. 
As a result of these studies, it was possible to calculate more accurate DI values that were 
based on the separation of the two 18:1 isomers (c9-18:1 and c11-18:1) that were not resolved 
in a previous report [Destaillats et al., 2010]. According to Wolff et al., [1997], the isomer c9-
18:1 is the precursor of c5,c9-18:2 (taxoleic acid) and only this isomer should be, and was, 
included in the present DI calculations.  It was demonstrated that a combination of DNA 
analysis and proper GC analysis was a very useful approach for identification and 
characterization of Pinus species. This work also clearly demonstrated that the majority of 
pine nuts available in the U.S. market, including those associated with pine mouth, were 
mixtures of nuts from different Pinus species.  
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SUMMARY 
 
The negative health impacts of dietary trans fatty acids have been documented in many 
scientific publications in the last decade. Numerous studies have also examined the 
relationship between different positional and geometric isomers of unsaturated fatty acids 
with double bonds in the trans configuration and coronary heart disease. The analysis of and 
accurate chromatographic separation of, various fatty acid isomers are critical factors in all 
these studies.     
The objectives of this work were to develop and improve analytical methods, including 
synthesis of reference FA, for the identification and quantification of positional/geometric 
isomers of trans fatty acids.  
 
1) A new gas chromatographic method was developed by utilizing a novel ionic liquid 
capillary GC column (200 m SLB-IL111). This method has several advantages compared to 
methods using cyanopropyl siloxane columns, which are currently recommended for the 
challenging analysis of mixtures containing geometric and positional isomers of FAME. The 
new GC method when operated isothermally at 168 °C, improved the separation of c/t-CLA 
isomers and the separation of c9,t11- from t7,c9-CLA. This was not possible using 
cyanopropyl siloxane columns. The selected chromatographic conditions provided the 
separation of co-eluting fatty acid isomeric pairs. It eliminated the concern raised in most 
reports that c9,t11-18:2  is overestimated by the contribution of t7,c9-CLA. It provided for the 
separation of t15-18:1, which generally co-elutes with c9-18:1, and provided a partial 
resolution of several isomer pairs such as t13/t14-18:1, c8- from c6/c7-18:1, and several t,t-
CLA isomers. This new method was then successfully applied to the analysis of milk fat 
[Chapter 5] and fish oil [Chapter 7].  
 
2) Significant improvements in the analysis of FAME were achieved by preparing small 
amounts of reference materials using simple synthetic procedures. 
Positional/geometric isomers of C14:1 – C20:1 FAME, positional/geometric isomers of 
linoleic acid (c9,c12-18:2), positional/geometric isomers of alpha-linolenic, gamma-linolenic 
acid methyl esters and conjugated linoleic acid methyl esters were prepared, isolated and 
purified. 
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3) Multi dimensional chromatography is one of the most rapidly growing techniques in 
separation science. A new GC-online reduction × GC chromatographic system was developed 
that provided a significant enhancement of previously developed single dimensional GC 
methods for FAME separation. Using this new methodology, the FAME could be easily 
identified based on a simple interpretation model: under isothermal conditions, saturated 
FAME lay on a diagonal line bisecting the separation plane and FAME with the same carbon 
skeleton lay on lines parallel to the 1D time axis. The chromatographic conditions described 
have been shown to allow the separation of the FAME prepared from the most complex 
samples, including fish oil and biological extracts. The introduction of a palladium reducer 
between the two dimensions of separation, thus reducing the unsaturated FAME to their 
saturated form, provided an enhanced separation compared to GC × GC systems based solely 
on the orthogonality of the two separations. By separating FAME with different chain lengths 
on different lines, this method allowed the analysis of samples containing complex mixtures 
of polyunsaturated fatty acid methyl esters with various chain lengths. 
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Zusammenfassung 
 
Die negativen Auswirkungen der erhöhten Aufnahme von trans-Fettsäuren (tFA) und deren 
Positionsisomeren wurden in zahlreichen wissenschaftlichen Studien mit einer 
Risikoerhöhung für koronare Herzerkrankungen dokumentiert und bestätigt. Die korrekte, 
chromatografische Trennung der verschiedenen Fettsäuren (FS) und deren chemischen 
Analyse sind in allen durchgeführten Studien von großer Bedeutung. Die Ziele der 
vorliegenden Arbeit lagen in der Neuentwicklung und Verbesserung von analytischen 
Methoden für die Identifizierung und Quantifizierung der Positionsisomeren der tFA und 
betreffen die Synthese von Standards für tFS. 
 
1) Es wurde eine gaschromatografische Methode unter Verwendung einer neuartigen 
„ionic liquid“ GC-Kapillarsäule (200 m SLB-IL111) entwickelt. Im Vergleich zu den 
existierenden GC-Methoden, die Cyanopropyl-Kapillarsäulen (CPS) für die Trennung der 
Fettsäurenisomere empfehlen, erwies sich die neu entwickelte Methode, speziell für die 
Trennung des Isomerenpaares c9,t11-CLA/t7,c9-CLA, sehr vorteilhaft. Die in der 
Vergangenheit angewendeten GC-Methoden (GC mit CPS) waren nicht in der Lage das 
obengenannte Isomerenpaar ausreichend zu trennen und des öfteren wurde der Gehalt an 
c9/t11-18:2 überschätzt. Gleichzeitig wurde auch die chromatografische Trennung von t15-
18:1 und c9-18:1 und partiell des Isomerenpaares t13/t14-18:1, c8/c6/c7-18:1, sowie 
mehreren t,t-CLA Isomeren verbessert. Für die Trennung der FS im Milchfett [Chapter 5] und 
Fischöl [Chapter 7] wurde die neu entwickelte Methode erfolgreich eingesetzt. 
 
2) Die synthetische Herstellung von ungesättigten Fettsäuremethylestern (FSME) im 
Labormaßstab verbesserte erheblich die gaschromatografische Bestimmung und 
Identifizierung der Fettsäureisomeren. Positions- und geometrische Isomere von C14:1-
C20:1, Linolsäure, alpha-Linolensäure, gamma-Linolensäure und CLAs wurden synthetisch 
hergestellt und in reiner Form isoliert. 
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3) Der Bereich der multidimensionalen Chromatografie gehört zu den am schnellsten 
wachsenden Bereichen der chromatografischen Trennungstechniken. Ein innovatives, 
chromatografisches GC-System (GC-online Reduktion × GC) wurde entwickelt, welches im 
Vergleich zu allen vorherigen monodimensionalen Methoden eine erhebliche Verbesserung 
der chromatografischen Trennung von FSME lieferte. Die neue Methodik machte die 
Identifizierung und die Bestimmung von FSME gemäß den folgenden Prinzipien erheblich 
einfacher. Unter isothermen Bedingungen lagen die gesättigten FSME auf einer Diagonalen 
im zweidimensionalen chromatografischen Trennungsraum, wobei die FSME mit gleicher 
Anzahl an Kohlenstoffatomen parallel zur 1D Zeitachse angeordnet waren. Die neuen 
chromatografischen Bedingungen verbesserten die Trennung von komplexen FSME in 
Milchfett und Fischöl. Der Einsatz von einem Kapillar-Katalysator zwischen den zwei 
Dimensionen (1D und 2D), der mit metallischem Palladium beladen war und alle 
vorhandenen Doppelbindungen der ungesättigten FSME reduzierte, lieferte sogar eine 
erweiterte chromatografische Trennung im Vergleich zu konventionellem GC×GC, welches 
nur auf Orthogonalität der 1D und 2D basiert. Das neu entwickelte System erlaubte die 
Trennung von komplexen und oft co-eluierenden, mehrfach ungesättigten FSME mit 
unterschiedlichen Kohlenstoffkettenlängen. 
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